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ABSTRACT 
SYNTHESIS OF BIOPOLYMER MATERIALS TAILORED FOR BIOLOGICAL 
APPLICATIONS 
FEBRUARY 2017 
NATHAN P. BIRCH 
B.S., MICHIGAN TECHNOLOGICAL UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS – AMHERST 
Directed by: Professor Jessica D. Schiffman 
Biopolymers are able to address a wide variety of medical concerns from chronic 
wounds to stem cell cultivation to antibacterial and antifouling applications. They are 
non-toxic, biodegradable, and biocompatible, making them ideal candidates for creating 
green materials for biological applications. In this thesis, we cover the synthesis of two 
novel materials from the biopolymers, chitosan and pectin. Chitosan is a biocompatible 
antibacterial polycation and pectin is an anti-inflammatory polyanion with a strong 
propensity for hydrogen-bonding. The two chitosan:pectin materials, particles and 
hydrogels, explore some of the structures that can be created by tuning the electrostatic 
interactions between chitosan and pectin. Chitosan can spontaneously form 
polyelectrolyte complexes when mixed with a polyanion in appropriate aqueous 
conditions. In the first study, chitosan:pectin nanoparticles were synthesized using an 
aqueous spontaneous ionic gelation method. A number of parameters, polymer 
concentration, addition order, mass ratio, and solution pH, were then explored and their 
  vi 
 
effect on nanoparticle formation was determined. The synthesis of chitosan:pectin 
hydrogels have previously been limited by harsh acidic synthesis conditions, which 
restricted their use in biomedical applications. In the second study, a zero-acid hydrogel 
has been synthesized from a mixture of chitosan and pectin at biologically compatible 
conditions. We demonstrated that salt could be used to suppress long-range electrostatic 
interactions to generate a thermoreversible biopolymer hydrogel that has temperature-
sensitive gelation. We then characterized the hydrogel system’s suitability for use as a 
wound dressing.  
An additional theme throughout this work includes using shear rheology as a 
powerful characterization tool to improve synthesized systems and collect important 
structural data for the creation of synthetic analogs. An electrospun emulsion system was 
tuned to maximize the amount of oil that could be spun into defect-free chitosan-based 
fibers. The Young’s modulus and complex viscosity of porcine bone marrow, porcine 
lung, porcine brain, and muscine brain were determined to enable the development of 
hydrogels that mimic these characteristics. We also explored the effects of using 
antifouling dopamine as a crosslinking agent for a poly(ethylene glycol) hydrogel system. 
Finally, with the goal of returning to green syntheses, we produced a simple self-
assembling system for adding antibacterial activity to alkyd paints. Divalent metal 
naphthenates were used to catalyze oxidative crosslinking that form entrained metal 
nanoparticles as a byproduct. Overall, we have used a combination of rheology, 
knowledge of biopolymer interactions, and a desire to make syntheses cheaper and less 
hazardous to create an array of green biopolymer materials that are tailored for biological 
applications. 
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CHAPTER 1 
INTRODUCTION 
1.1 Motivation 
1.1.1 Chronic wounds are a serious problem 
Chronic wounds are a serious problem in the medical community and diabetes is 
among the most common causes for these ―non-healing‖ wounds. Currently, 25.8 million 
U.S. patients suffer from diabetes, while another 79 million individuals are at risk for 
developing the disease.
1
 When the disease allows bacterial biofilms to form
2
 or causes 
metabolic dysregulation in patients
3,4
 their wounds can fail to heal.
3,4
 These wounds 
remain perpetually arrested in the inflammatory phase of the healing process.
5,6
 As a 
result, 100,000 diabetic patients undergo limb amputation each year in the U.S. alone.
2
 
New treatment strategies are needed that can neutralize existing bacterial biofilms, while 
also addressing metabolic dysregulation, which leads to the chronic inflammation and 
prevents healing. New materials are desperately needed to address this problem. 
1.1.2 Biopolymers as a potent solution 
Biopolymers, like chitosan and pectin, are nontoxic, biodegradable, and 
biocompatible.
7–15
 Not only do these polymers safely breakdown in landfill, but they lack 
the antagonistic immune response that is so common among synthetic polymers. Their 
biocompatibility makes them potentially ideal for wound dressings. 
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1.2 Charged and biocompatible materials 
1.2.1 Working with charged materials 
All of the biopolymers used throughout this work are polyelectrolytes. 
Polyelectrolytes are polymers with numerous ionizable groups, these polymers acquire a 
charge in appropriate aqueous conditions.
16
 Polyelectrolytes of opposite charges can bind 
in tight polyelectrolyte complexes (PEC), which are highly sensitive to charge ratio, 
molecular weight, and concentration.
17,18
 Weak polyelectrolytes are only charged within  
a specific pH range.
19
 The charge on polyelectrolytes typically adds additional properties, 
for example, chitosan is antibacterial due to its positive charge.
13
 Of course, not every 
molecule that polyelectrolytes can complex with is another polyelectrolyte. 
The charged nature of polyelectrolytes also enables them to bind to small 
molecules with charges. The most common charged small molecule encountered is a 
metal ion, the binding between a polyelectrolyte and a metal ion is a form of chelation.
20
 
These ions can provide strong antibacterial activity to a polyelectrolyte system.
21–25
 These 
ions can also cause problems in systems meant to be biocompatible as certain ions can be 
toxic.
24
 We will use charged additives in our systems when appropriate and to great 
effect, but we will also demonstrate when we can go without them for improved 
biocompatibility. 
1.2.2 Chitosan 
Chitosan (CS) is a weak polycation derived from chitin.
11,12
 Chitosan is composed 
of D-glucosamine and N-acetyl-D-glucosamine. The amine groups provided by D-
glucosamine become positively charged at pH’s below 6.5 and enable the polymer to kill 
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bacteria.
11,12,26
 The polyelectrolyte binds to and subsequently disrupts bacterial 
membranes.
13
 Chitosan’s key limitation is only being soluble in water when the pH is 
below 6.5.
11,12 
Despite the limited solubility, chitosan is a powerful and useful polycation, 
expecially in the wound healing field. 
1.2.3 Pectin 
Pectin (Pec) is a weak polyanion derived from plant cell walls.
27
 Its structure is 
variable and complex but the most important component is galacturonic acid.
27
 
Galacturonic acid provides a negative charge in solutions with a pH higher than 3.5 and 
also provides an anti-inflammatory effect.
15,19
 Galacturonic acid has been shown to down 
regulate the expression of iNOS and COX-2, two important inflammatory enzymes.
14,15
  
The combination of a negative charge and anti-inflammatory activity makes pectin an 
attractive component for a number of wound healing systems 
1.2.4 Poly(ethylene oxide) 
Poly(ethylene oxide) (PEO) is a common hydrophilic and biocompatible polymer 
that can be used to thicken or strengthen a given system.
28–30
 This is a neutral charged 
polymer that is very well-established for use in biomedical applications. We will use PEO 
as both an entangling agent for electrospinning of nanofibers and as a base synthetic 
hydrogel that we will strengthen by the addition of polyelectrolytes.  
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1.3 Materials of Interest 
1.3.1 Gels 
Hydrogels can be very useful for recreating specific tissue environments in vitro, 
but in order to do that, accurate data on those environments must be collected. Rheology 
is a powerful tool that can be used on a wide variety of systems. Shear rheology data on 
many tissues is rather sparse, as it is easier, if less accurate, to characterize tissues via 
extensional rheology.
31–37
 Tissues of particular interest for cell culture are bone marrow, 
lung, and brain tissue. By collecting data on these tissues, we will enable the synthesis of 
more accurate mimics. 
1.3.2 Electrospun Nanofibers 
The electrospinning process fabricates non-woven mats composed of continuous 
nano- to micro- meter scale diameter fibers.
38,39
 This well-established, scalable
40
 
technique has been utilized to form fibers from over a 100 different polymers including, 
polyelectrolytes,
41,42
 biopolymers,
43–45
 and synthetic polymers.
46,47
 Additionally, 
researchers have further tailored the functionality of fibers by loading solid agents into 
the polymer precursor solutions, including TiO2/graphene for increased electrical 
performance,
48
 quantum dots for fluorescent detection,
49
 and single-walled carbon 
nanotubes for antibacterial activity.
50
 In these cases, the solid agent was suspended in a 
concentrated polymer solution, which provided the chain entanglement necessary to 
―carry‖ the solid agent along the electrospinning process.44 Alternatively, researchers 
have synthesized nanoparticles within a fiber mat post-electrospinning, thus avoiding the 
need to optimize precursor rheology.
51,52
 However, much less research has been 
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conducted on electrospinning nanofibers from polymer solutions that contain immiscible 
phase liquids.
53–61
 A handful of reports used harsh organic solvents to emulsion 
electrospin fibers, by relying on a surfactant to carry the immiscible phase biological 
cargo ─ proteins,58,62 DNA,63 and water-soluble drugs54,64 ─ and protect them against 
coalescence.
53–59
 Electrospun systems are potent platforms for biologically active 
polyelectrolytes. 
1.3.3 Nanoparticles 
The large surface area per unit volume provided by nanoparticles makes them an 
ideal platform for antibacterial applications. Metallic nanoparticles, especially copper
22
 
and silver,
23–25
 are long lasting antibacterial agents. These particles are toxic to people as 
well as bacteria, limiting them to roles were direct contact is limited.
24
 Polymer-based 
nanoparticles, like chitosan-copper and cross-linked chitosan nanoparticles are more 
biologically friendly options, but tend to have a shorter lifespan than their metal 
counterparts.
20,65–68
 By playing to their strengths we will utilize both types of nanoparticle 
for different antibacterial applications. 
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CHAPTER 2 
DISSERTATION OBJECTIVES 
Over the past 5 years we have synthesized a wide area of biopolymer systems for 
different biological applications. The initial focus of this research was on chitosan:pectin 
systems for the treatment of chronic wounds. We synthesized CS:Pec nanoparticles 
without relying on a metal core or calcium chloride. We developed a method for 
producing a CS:Pec hydrogel that was thermoreversible without the use of harsh acids. 
We performed a rheological study on the impact of cinnamaldehyde on CS:poly(ethylene 
oxide) entanglement in order to improve our labs ability to electrospin the system. A 
wide array of animal tissues were characterized to provide a data basis for constructing 
synthetic analogs. A polyethylene glycol dimethacrylate hydrogel system was developed 
by our lab and the effects of polydopamine crosslinking were explored. Alkyd based 
paint was used to self-assemble metal naphthenates into antibacterial nanoparticles. All 
together this research provides a large toolbox of materials for a number of biological 
applications that we will discuss in depth. 
The specific objectives for each project are laid out in the following sections of 
this chapter. Subsequent chapters provide detailed methods, results, discussion, 
conclusion and future work for each objective. In each objective below, the specific 
subsequent chapter containing the work relevant to that objective is stated. 
In our first study (Chapter 3), chitosan:pectin (CS:Pec) nanoparticles were 
synthesized using an aqueous spontaneous ionic gelation method. A number of 
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parameters - polymer concentration, addition order, mass ratio, and solution pH - were 
explored and their effect on nanoparticle formation was determined. The size and surface 
charge of the particles were characterized, as well as their morphology using transmission 
electron microscopy (TEM). The effect of polymer concentration and addition order on 
the nanoparticles was found to be similar to that of other chitosan:polyanion complexes. 
The mass ratio was tuned to create nanoparticles with a chitosan shell and a controllable 
positive zeta potential. The particles were stable in a pH range from 3.5 to 6.0 and lost 
stability after 14 days of storage in aqueous media. Due to the high positive surface 
charge of the particles, the innate properties of the polysaccharides used, and the 
harmless disassociation of the polyelectrolytes, we suggest that the development of these 
CS:Pec nanoparticles offers great promise as a chronic wound healing platform. 
Previous synthesis of CS:Pec hydrogels has previously been limited by harsh 
acidic synthesis conditions, which further restricted their use in biomedical applications. 
We synthesized a zero-acid hydrogel from a mixture of chitosan and pectin at 
biologically compatible conditions (Chapter 4). We demonstrated that salt could be used 
to suppress long-range electrostatic interactions to generate a thermoreversible 
biopolymer hydrogel that has temperature-sensitive gelation. Rheology determined that 
both the hydrogel and the solution phases are highly elastic, with a power law index of 
close to −1. When dried hydrogels were placed into phosphate buffered saline solution, 
they rapidly rehydrated and swelled to incorporate 2.7× their weight. We also removed 
the salt from our CS:Pec hydrogels, thus, creating thick and easy to cast polyelectrolyte 
complex hydrogels, which proved to be compatible with human marrow-derived stem 
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cells. We suggest that our development of an acid-free CS:Pec hydrogel system that has 
excellent exudate uptake holds potential for wound healing bandages. 
Electrospinning hydrophilic nanofiber mats that deliver hydrophobic agents 
would enable the development of new therapeutic wound dressings. However, the 
correlation between precursor solution properties and nanofiber morphology for polymer 
solution electrospun with or without hydrophobic oils had not yet been demonstrated.  
Cinnamaldehyde (CIN) and hydrocinnamic alcohol (H-CIN) were electrospun in chitosan 
(CS)/poly(ethylene oxide) (PEO) nanofiber mats as a function of CS molecular weight 
and degree of acetylation (DA) (Chapter 5). Viscosity stress sweeps determined how the 
oils affected solution viscosity and chain entanglement (Ce) concentration. The maximum 
polymer:oil mass ratio able to be electrospun was 1:3 and 1:6 for CS/PEO:CIN and :H-
CIN, respectively. A higher DA for chitosan increased the incorporation of H-CIN, but 
not CIN. The correlations determined for electrospinning plant-derived oils could 
potentially be applied to other hydrophobic molecules, thus broadening the delivery of 
therapeutics from electrospun nanofiber mats 
Creating a hydrogel with specific properties is relatively easy, but using those gels 
as a synthetic model for tissue requires data that is often lacking. We explored a range of 
porcine and muscine tissues in a group of experiments (Chapter 6). We were the first 
group to explore the mechanics of intact bone marrow,
35,36,69–73
 the first group to explore 
the shear mechanics of porcine lung tissue,
31
 and one of the first groups to explore the 
mechanics of intact brain tissue (muscine and porcine).
32
 We found that porcine bone 
marrow tissue was a benign elastic solid with a Young’s modulus of 0.73-135.6 kPa. 
Bone marrow has high inter-sample variability. The Young’s modulus for porcine lung 
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tissue was found to be 3000 ± 72 Pa with inter-sample variability being much lower than 
that of porcine bone marrow tissue. Muscine brain tissue was found to be softer with a 
Young’s modulus of 979 ± 786 Pa, the inter-sample variability was on par with the bone 
marrow samples. Porcine brain tissue was slightly softer than muscine brain tissue with a 
Young’s modulus of 693 ± 374 Pa and a similar level of inter-sample heterogeneity to the 
muscine brain tissue. Having a good understanding of these data will enable future 
researchers to synthesize hydrogel tissue mimics to reproduce the conditions in any of 
these tissues. 
It has been shown that a soft surface that expresses ionic surface chemistry should 
resist bacterial adhesion most effectively. We seek to develop such a surface that is stiff 
and tough enough to be used in a medical catheter. Poly(ethylene glycol) dimethacrylate 
(PEGDMA) hydrogels were found to have strong frequency independent elastic moduli 
(Chapter 7). Their viscous moduli were much weaker and strongly frequency dependent. 
The gels were also found to be stiffer at higher polymer concentrations. The addition of 
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) was found to increase both 
moduli in concentrated systems and result in almost no change in dilute systems. 
PEGDMA hydrogels can easily be coated in polydopamine, which drastically improves 
their structural characteristics and should improve anti-fouling activity. 
Our novel system for self-assembled metal nanoparticle loaded oil-based paints 
should provide and cheap and effective solution killing potentially harmful bacteria and 
preventing deleterious buildup of bacterial biofilms (Chapter 8). We found via TEM that 
copper nanoparticles assembled into large aggregates, while cobalt nanoparticles formed 
large oblong particles and iron nanoparticles formed small spheroids. Copper was shown 
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to readily diffuse within 7.5 days with cobalt being similar and zinc having a greater 
equilibrium concentration but lesser rate constant. Iron was not found to diffuse 
appreciably. Solution-based minimum inhibitory concentrations (MIC) for the metal salts 
were also obtained and it was found that zinc and cobalt were marginally more effective 
than cobalt and iron at killing E. coli. Additional work will be done on bacterial 
interaction with the films under shear flow to fully characterize the films potential for 
antifouling applications. At the end of all the characterization, we suggest that we will 
find a highly effective and cheap antibacterial coating. 
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CHAPTER 3 
TUNING CS:PEC INTERACTIONS TO PRODUCE 
POLYELECTROLYTE COMPLEX NANOPARTICLES 
Adapted from Birch, N. P.; Schiffman, J. D. Characterization of Self-Assembled 
Polyelectrolyte Complex Nanoparticles Formed from Chitosan and Pectin. Langmuir 
2014, 30 (12), 3441–3447. 
3.1 Introduction 
 Nanoparticles have previously been formulated to treat chronic wounds. 
Literature has predominantly investigated metallic nanoparticles, including gold,
21
 
copper,
22
 and silver
23–25
 as promising antibacterial agents. Silver nanoparticles have 
historically been the leading candidate because they have a very low minimum inhibitory 
concentration, ~3 ug/mL for most bacteria,
23
 indicative of their strong antibacterial 
activity. However, the use of silver is problematic because silver resistance has already 
been observed in Pseudomonas aeruginosa and the continued use of silver as an 
antimicrobial agent will likely lead to increased silver-resistance in other 
microorganisms.
74
 Additionally, it has been demonstrated that metallic nanoparticles 
have multiple organ toxicity. As the metallic nanoparticles break down, metal ions are 
released and must be chelated by the body, resulting in innate toxicity.
24
 We suggest that 
alternative antibacterial nanoparticle treatments be explored. These particles should avoid 
the spreading of resistance genes, toxic components, and harsh solvents, while offering a 
patient good biocompatibility and additional functional benefits. 
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Chitosan, a polycationic derivative of chitin, is nontoxic, antibacterial, 
biodegradable, and biocompatible.
11,12
 Chitosan is composed of 1,4 linked 2-amino-2-
deoxy-β-D-glucan and 1,4 linked 2-acetamido-2-deoxy-β-D-glucan, Figure 1a. The 
degree of acetylation can be defined as the percentage of 2-acetamido-2-deoxy-β-D-
glucan present in the polymer chain and determines the number of charges present on the 
polymer chain.
75
 Due to the high positive charge density of chitosan, it is intrinsically 
antimicrobial. The polyelectrolyte binds to and subsequently disrupts bacterial 
membranes.
13
 One challenge of working with chitosan is that its solubility is limited to 
mildly acidic aqueous solutions because it has a pKa of 6.5.
26
 
 
Figure 1: The chemical structure of chitosan:pectin interactions.  The chemical 
structure of (a) the polycation chitosan includes 2-acetamido-2-deoxy-β-D-glucan (X) 
residues and 2-amino-2-deoxy-β-D-glucan (Y) residues. (b) The chemical structure of the 
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rhamnogalacturonan I (RG-I) region of the polyanion pectin is also provided. In this 
study, we have bound chitosan to pectin via (c) the proposed method of electrostatic 
interactions between 2-amino-2-deoxy-β-D-glucan and the RG-I region of pectin  
The antibacterial activity of chitosan-metallic and chitosan nanoparticles formed 
by ionic gelation have been widely explored.
20,65–68
 For example, antibacterial silver, 
gold, and copper
20,22,66–68
 nanoparticles have been capped with chitosan in an attempt to 
improve their biocompatibility and decrease their toxicity.
20,22
 However, this did not 
avoid the innate toxicity of the dissolved metal ions.
76
 Chitosan nanoparticles prepared by 
the ionic gelation of chitosan with tripolyphosphate (TPP) anions have also demonstrated 
a high antibacterial activity by virtue of their large positive surface charge. For example, 
antibacterial ―snowflake‖ shaped particles had a surface charge of 51 mV as determined 
by zeta potential measurements.
20
 However, in this work, the TPP did not provide any 
additional function to the patient. We aim to develop a system that pairs chitosan with a 
second active agent, thus circumventing the innate toxicity of metallic nanoparticles and 
maximizing the functionality of the particles by replacing inactive components with 
active compounds. Polycations, including chitosan, can spontaneously form 
polyelectrolyte complexes (PECs) when mixed with polyanions in appropriate aqueous 
conditions. At nonstoichiometric ratios, weak polyelectrolytes of significantly different 
molecular weights have long been known to produce soluble PECs.
18
 The size of these 
complexes has been shown to be influenced by the polymer concentration, mixing ratio, 
charge density, and the presence of low molecular weight ions.
17
 The requirement of at 
least two different polymers opens up the opportunity for us to form chitosan complexes 
with an additional functional polyanion, rather than relying on a crosslinking anionic salt, 
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i.e., TPP.
20,77
 However, with the exception of heparin,
17
 previous investigations
17,18,77,78
 
into chitosan:polyanion PECs have only relied on the polyanion for their relatively low 
molecular weight and/or high negative charge ─ properties that facilitate nanoparticle 
formation.
18,17
 
Pectin, our polyanion, is a class of complex hetero-polysaccharides derived from 
plant cell walls,
27
 consisting primarily of 1,4 linked α-D-galactopyranosyluronic acid 
residues with 1,2-linked α-L-rhamnopyranose residues interspersed with varying 
frequency, Figure 1b. There is also a large amount of arabinose, galactose, and xylose. 
The degree of esterification controls the charge density of the pectin backbone.
27
 A 
number of the galacturonic acid residues are methyl or acetyl esterified – the percentage 
of galacturonic acid residues that are esterified is known as degree of esterification (DE). 
Pectins are a weak polyanion with a pKa of about 3.5.
19
 Pectins have innate anti-
inflammatory activity due to their galacturonic acid content
14
 and the presence of 
esterified galacturonic acid residues has been demonstrated to downregulate the 
expression of cox-2 and iNOS — two enzymes that have a large impact on chronic 
inflammation and cancer.
15
 Elevated levels of iNOS have been found in chronic diabetic 
wounds and are suspected to play a significant role in delaying wound healing.
4
 
Previously, large chitosan:pectin microbeads with an average diameter of 118.0 μm have 
been synthesized by injecting pectin solutions into a crosslinking bath followed by a 
chitosan bath.
79–81
 However, by reducing the size of the chitosan:pectin particles we 
could potentially treat chronic wounds by providing an enhanced antibacterial activity
20
 
along with an anti-inflammatory functionality. 
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In this study, we have synthesized chitosan:pectin (CS:Pec) particles at the 
nanoscale. Chitosan and pectin bind electrostatically to form soluble aggregates in a 
solution at the appropriate pH (Figure 1c). Systematically, the resultant nanoparticles 
have been characterized by exploring the effects of polymer concentration, order of 
addition, mass mixing ratio, storage, and solution pH. These multifunctional polycation− 
polyanion nanoparticles hold potential to address the multiple root causes of chronic 
wounds, while also offering excellent biocompatibility and a safe degradation in vitro. 
This work paves the way for biological testing beyond the scope of this work that 
systematically evaluates these CS:Pec nanoparticles for wound healing applications. 
3.2 Experimental 
3.2.1 Materials and Chemicals 
 Low molecular weight chitosan (CS LMW, poly(D-glucosamine)), Medium 
molecular weight chitosan (CS MMW, poly(D-glucosamine)), pectin from citrus peel 
(Pec, galacturonic acid content ≥ 74%), ReagentPlus grade acetic acid (AA, ≥99.0%), 
anhydrous sodium acetate (≥99.0%), deuterium chloride (DCl, ≥99.0%), sodium 
hexametaphosphate (65−70% P2O5), bovine serum albumin (BSA, ≥98.0%), and 
microscopy-grade phosphotungstic acid hydrate (PTA) were obtained from Sigma-
Aldrich (St. Louis, MO). Certified ACS grade sodium chloride (≥99.0%), ACS-grade 
sodium hydroxide (NaOH, ≥98.9%) and ACS-plus-grade hydrochloric acid (HCl, 12.1 N) 
were obtained from Fisher Scientific (Fair Lawn, NJ). Deionized (DI) water was obtained 
from a Barnstead Nanopure Infinity water purification system (Thermo Fisher Scientific, 
Waltham, MA). 
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3.2.2 Characterization of Chitosan and Pectin 
The intrinsic viscosities of the polymers were determined using a capillary 
viscometry method. Dilute solutions of CS (0.2 M sodium chloride and 0.l M AA) and 
Pec (1 wt% sodium hexametaphosphate) were measured at varying concentrations to 
obtain an intrinsic viscosity.
82
 The molecular weight was determined for CS using the 
Mark−Houwink parameters of K = 1.8 × 10−3 cm3 g−1 and a = 0.93,30 whereas for Pec, 
K = 9.55 × 10−2 cm3 g−1 and a = 0.73.9 
The degree of acetylation of the CS was analyzed using a proton nuclear magnetic 
resonance (
1
H-NMR) method outlined in Fernandez-Megia et al.,
83
 which is a modified 
version of the method originally outlined by Hirai et al.
84
 Briefly, CS was solvated in 2% 
DCl until the solution was clear and then allowed to cool. Spectra were recorded on an 
Avance 400 NMR spectrometer (Bruker, Billerica, MA) at 27 °C. The integrals of the 
acetyl groups and H2−H6 protons84,85 were compared to obtain a degree of acetylation. 
The degree of esterification of the pectin was analyzed using a titration method outlined 
in the Food Chemicals Codex.
86
 Pectin is titrated to an end point using 100 mM NaOH, 
saponified, and titrated to the end point again. The ratio of the two titers provides the 
ratio of esterified galacturonic acid to free galacturonic acid. 
3.2.3 Preparation of LMW CS:Pec Nanoparticles 
CS LMW were prepared by placing 0.05% w/v chitosan in 100 mM AA, agitated 
overnight at 70 °C. Pec solutions were prepared by placing 0.05% w/v pectin in DI water 
and agitating for 24−48 h. Once solvated, the chitosan solution was filtered through a 
0.22 μm polyethersulfone filter (Millipore Tullagreen, Carrigtwohill, Co., Cork, Ireland) 
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and diluted with filtered DI water to the appropriate concentration. The solution was 
placed under agitation, and slowly the filtered 0.05% w/v pectin was added until the 
appropriate chitosan-to-pectin ratio was obtained. The solutions were left under agitation 
at room temperature (∼23 °C) for 120 min prior to further testing and analysis of the 
LMW CS:Pec nanoparticles.  
3.2.4 Characterization of LMW CS:Pec Nanoparticles 
Measurement of hydrodynamic radius, zeta potential, and polydispersity of all 
particles were performed using a ZEN3600 Zetasizer (Malvern Instruments, Malvern, 
Worcestershire, U.K.). Each sample was measured at least 6 times and averages were 
obtained. In the case of concentration and mass ratio measurements, 3 samples were used 
for each data point. The morphological characteristics of the nanoparticles were observed 
using a JEOL 100CX transmission electron microscopy (TEM, Akishima, Tokyo, Japan). 
Solutions containing the nanoparticles were drop-cast onto carbon/Formvar films 
supported by a 200 mesh copper grid (Electron Microscopy Sciences, Hatfield, PA) and 
stained with 0.5% w/v PTA.  
3.2.5 Statistical Analysis 
Throughout Results and Discussion, results are depicted as mean ± confidence 
interval. The significance between mean values was determined using Welch’s t test. 
Significance was interpreted as the probability below 5%. 
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3.3 Results and Discussion 
3.3.1 Characteristics of Chitosan and Pectin 
The first step in maximizing the antimicrobial activity of our particles is 
characterizing our starting polyelectrolytes. This will help to identify the synthesis 
conditions that will yield small particles with positive surface charges.
13
 The viscosity-
average molecular weight of the LMW CS, MMW CS, and Pec were found to be 460 
kDa, 1,000 kDa, and 50 kDa, respectively. We determined via NMR that the degree of 
acetylation (DA) was 13% for LMW CS and 23% for MMW CS.
83–85
 The degree of 
esterification (DE) of the citrus pectin was found to be approximately 60%, which is in 
good agreement with literature values.
87
 The galacturonic acid content was determined to 
be 85%, which is above the manufacturer’s specification of ≥74%. The effect of these 
factors on particle size and surface charge will be explored in later sections. 
3.3.2 Effect of Concentration and Polymer Addition Order on CS:Pec Nanoparticle 
Formation 
Chitosan:pectin (CS:Pec) nanoparticles were successfully synthesized as a 
function of polymer concentration and polymer addition order (Figure 2). While an equal 
chitosan-to-pectin mass ratio was maintained, the nanoparticles were synthesized at four 
different total polymer concentrations. In Figure 2, addition order indicates which 
polymer was added first to the solution. The chitosan was added first in the CS:Pec 
nanoparticles (black ■), whereas for the Pec:CS nanoparticles (red ●), the pectin was 
added first. The size of the resultant particles was measured using dynamic light 
scattering (DLS). A bimodal distribution was returned wherein the smaller peak was the 
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free polymer and the larger peak was the nanoparticles. Figure 2a displays the average 
value of the dominant peak, which we refer to as the intensity-averaged diameter. The 
CS:Pec nanoparticles increase in size from 560 ± 10 nm to 1000 ± 40 nm at total polymer 
concentrations of 0.10 mg/mL and 0.50 mg/mL, respectively. When the polymer addition 
order was reversed, the Pec:CS nanoparticles’ intensity-averaged diameter increased from 
460 ± 20 to 1110 ± 30 nm at total polymer concentrations of 0.10 and 0.50 mg/mL, 
respectively. This trend of particle size increase with increasing concentration is 
consistent with chitosan nanoparticles formed by crosslinking with sodium 
tripolyphosphate (TPP).
77
 Statistically, there was a significant difference in particle size 
due to addition order at all concentrations, except for at a polymer concentration of 0.38 
mg/mL.  
A representative TEM micrograph of the nanoparticles is provided as an inset in 
Figure 2b. Two CS:Pec nanoparticles at a 1:1 mass ratio and 0.5 mg/mL polymer 
concentration are displayed. Measurements taken from many micrographs of 
nanoparticles confirm that they are approximately 500 nm in diameter with a roughly 
spherical morphology. This size corresponds well to the sizes we obtained through DLS 
when drying effects are taken into account. The sensitivity of PEC systems to 
concentration changes makes TEM of large populations of particles incredibly 
challenging. From our experiments, increased concentration significantly altered the size 
of the nanoparticles and yielded agglomerates of particles. Notably, this is why more 
attention in this work is paid to the DLS characterization. 
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Figure 2: Polymer addition and concentration effects on particle size and charge. 
Displayed is the effect that polymer addition order and total polymer concentration has 
on (a) the intensity-averaged diameter and (b) the zeta potential of CS:Pec (black ■) and 
Pec:CS (red ●) nanoparticles. CS:Pec indicates that pectin was added to chitosan, 
whereas Pec:CS indicates that the addition order was reversed. All nanoparticles were 
synthesized in 35 mM acetate buffer solutions (pH of 4). (b) A representative micrograph 
of CS:Pec nanoparticles is provided. These specific nanoparticles were prepared at a 
polymer concentration of 0.5 mg/mL with an equal mass ratio. The scale bar is 500 nm.  
The zeta potential of the CS:Pec nanoparticles increased from 20 ± 1 mV at 0.10 
mg/mL to 26 ± 1 mV at 0.50 mg/mL (Figure 2b). This trend was mirrored by the Pec:CS 
nanoparticles, wherein the zeta potential increased from 19 ± 1 mV at 0.10 mg/mL to 28 
± 1 mV at 0.50 mg/mL. The increase in zeta potential with concentration is likely due to 
the fact that salt concentration relative to polymer concentration is decreasing as the 
polymer concentration is increased. Increasing salt concentration has been shown in 
chitosan:alginate systems to reduce their zeta potential through increased charge 
screening.
78
 The high positive zeta potential suggests a structure whose surface is 
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dominated by chitosan.
77,78
 Similar systems (alginate:chitosan
78
 and chitosan:dextran 
sulphate
18
) have been shown to generate structures with a mixed core and a shell 
dominated by the polyelectrolyte in excess. No significant difference in zeta potential due 
to addition order was found, except at a polymer concentration of 0.25 mg/mL. A similar 
study conducted on chitosan:alginate nanoparticles determined that addition order 
significantly affected particle size, but not zeta potential.
78
 Schatz et al.
18
 proposed that 
polyelectrolyte complex nanoparticles are formed with a charge neutralized core, with 
excess charge units being segregated to the surface of the particles. This suggests that the 
differences due to addition order result because the polyelectrolyte added second has to 
diffuse into a core of the oppositely charged polyelectrolyte. 
3.3.3 Impact of Mass Ratio on LMW CS:Pec Nanoparticle Formation 
The mass ratio of polycation to polyanion is an important factor in polyelectrolyte 
complexation and impacts the size and surface charge of the particles.
18,78
 Figure 3a 
displays the effect that the mass ratio of chitosan-to-pectin (CS:Pec 1:2, 2:3, 1:1, 3:2, 2:1, 
and 3:1) has on their Z-average diameter. Z-average diameter is an intensity-averaged 
measure of the hydrodynamic radius as determined from the cumulants function fit by 
software to DLS data. Statistically, the average diameter of the particles remain the same 
with increasing chitosan content for the five CS:Pec nanoparticle formulations. The 
CS:Pec ratios (1:2, 2:3, 1:1, 3:2, and 2:1) yielded particles with an average diameter of 
540 ± 20 nm, 560 ± 30 nm, 600 ± 50 nm, 600 ± 20 nm, and 590 ± 30 nm, respectively. 
These particles are similar in size to the chitosan:heparin and chitosan:hyaluronic acid 
nanoparticles found in literature, which were produced from a chitosan of similar 
molecular weight at various polyelectrolyte ratios.
17
 CS:Pec ratios lower than 1:2 produce 
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cloudy solutions with aggregates above 6 μm, which are too large to measure using DLS. 
The 1:2 mass ratio nanoparticles are slightly above where negative charges begin to 
dominate the stoichiometric ratio of positive to negative charges. This ratio can be 
calculated from the mass ratios, molecular weight of residues, purity, galacturonic acid 
content, DA, and DE. Our only particles that had a statistically different average 
diameter, were the large, 730 ± 60 nm CS:Pec nanoparticles that were formed from a 3:1 
ratio. CS:Pec ratios higher than 3:1 lacked sufficient pectin to complex with the chitosan 
to form stable particles. 
 
 
Figure 3: Mass ratio effects on particle size and charge. Displayed is the effect that 
altering the mass ratio of chitosan to pectin has on the (a) Z-average diameter and (b) zeta 
potential of the CS:Pec nanoparticles. Six chitosan to pectin ratios, 1:2, 2:3, 1:1, 3:2, 2:1, 
and 3:1, were explored by holding the total polymer concentration constant at 0.05% w/v 
in 50 mM AA. 
The zeta potential of the particles correlates strongly with their mass ratio (Figure 
3b). The particles with a 1:2 CS:Pec mass ratio had the lowest zeta potential, ~ 30 mV. 
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This is likely due to the increased anionic charges of pectin, as well as increased 
complexation between pectin and chitosan, which leaves fewer positive charges on the 
surface of the particles. The 2:3 and 1:1 CS:Pec mass ratio particles had statistically 
equivalent zeta potentials, 50 ± 1 mV and 49 ± 1 mV, respectively. A significantly higher 
zeta potential was determined for the particles with a 3:2 and 2:1 CS:Pec mass ratio, 57 ± 
2 mV and 57 ± 1 mV, respectively. Zeta potential measurements for 3:1 CS:Pec 
nanoparticles had the highest margin of error, with a zeta potential of 54 ± 3 mV. We 
suggest that this was due to the increased variability in particle size (Figure 3a), as well 
as the free chitosan present in the solution. 
3.3.4 Stability of CS:Pec Nanoparticles at Room Temperature 
To evaluate the stability of the CS:Pec nanoparticles for room temperature storage 
(T = 22 °C), particles were stored and sampled as a function of time over a 30 day period 
(Figure 4). In general, the intensity-averaged diameter of the samples decreased over 
time. The general trend of this data shows that nanoparticles at all mass ratios have a 
similar stability. Measurements were acquired for each sample until the level of 
aggregation reached a threshold where the CS:Pec nanoparticle solution was too 
polydisperse to accurately measure via DLS. All samples were unsuitable for 
measurement after 30 days. Previous chitosan-based nanoparticle systems with TPP, 
hyaluronic acid, or alginate have been found to be stable over a 30 day period.
78,88,89
 
Therefore, we suggest that a mechanism unique to pectin might be responsible for the 
instability of these particles. It has been well established
90
 that pectin can undergo acid 
hydrolysis at a pH of 4.0 or lower, with more acidic environments yielding faster 
hydrolysis. We hypothesize that this is the root cause of the particles’ instability. 
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Lowering the storage temperature or lyophilization could further increase the stable 
lifespan of our CS:Pec particles.
78,91
 
In general, the zeta potential of the samples decreased over the 30 day period 
(Figure 4b). The equal mass ratio particles decreased from 48 ± 1 mV at initial synthesis 
to 26 ± 1 mV at 15 days and 17 ± 1 mV at 27 days. Previous studies determined that 
polyelectrolyte complex nanoparticles with zeta potential below 30 mV are especially 
prone to aggregation.
17,92
 Using this as a metric, most of our particles lost stability after 
about 14 days of storage. After crossing this threshold, the majority of the samples 
contain aggregates too large and polydisperse to accurately measure using DLS.  
 
Figure 4: CS:Pec NP stability over 30 days. The stability of CS:Pec nanoparticles 
formed at various mass ratios was investigated over a 30 day period. The (a) Z-average 
diameter and (b) zeta potential of CS:Pec nanoparticles are provided. Six chitosan to 
pectin ratios, 1:2, 2:3, 1:1, 3:2, 2:1, and 3:1, were explored by holding the total polymer 
concentration constant at 0.05% w/v in 50 mM AA. 
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3.3.5 pH Mediated CS:Pec Nanoparticle Swelling and Stability 
The charge density of the polyelectrolytes depends on the pH of the solution, as 
well as the DA and DE of the chitosan and pectin, respectively. To study the effect of 
solution pH on nanoparticle size and zeta potential, CS:Pec nanoparticles were produced 
at a constant 1:1 mass ratio and titrated to various pH values (Figure 5a). All 
nanoparticles had a total polymer concentration of 0.05% w/v in 50 mM AA, consistent 
with the nanoparticles displayed in Figure 4.  
 
 
Figure 5: CS:Pec NP pH sensitivity to size and charge changes. Displayed is the effect 
that pH has on the (a) Z-average diameter and the (b) zeta potential of representative 
CS:Pec nanoparticles. Shown are CS:Pec nanoparticles with a 1:1 mass ratio synthesized 
from a 0.05% w/v polymer concentration in 50 mM AA. The pH was adjusted using 100 
mM HCl and 100 mM NaOH.  
Between pH values of 3.3 and 4.0, the particles underwent a significant decrease 
in average diameter, from 680 ± 60 nm to 500 ± 10 nm. At these pHs, the zeta potential 
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also decreased significantly, from 50 ± 1 to 29 ± 1 mV. At pHs between 4.0 and 5.5, the 
size remained relatively constant, ranging from 500 ± 10 nm to 400 ± 10 nm. Zeta 
potential over this range slowly decreased to 20 ± 1 mV before becoming unsuitable for 
zeta potential measurements. At pHs above 6.0, the particles dissociated and the chitosan 
precipitated out of solution, forming aggregates that were too large to be measured with 
DLS. At pHs of 6.0 and higher, the zeta potential remained close to −20 mV. 
The pKa of the pectin is about 3.5, above which it will deprotonate.
19
 Our 
findings are similar to Zhang et al.,
11
 who reported that their CS:TPP nanoparticles 
deprotonated around a pH of 2.3. As the anions in the particle cross the pKa, the charge 
density increased and the average size of the particles decreased markedly. Pectin is 
partially charged at pH values between 3.0 and 3.5 and fully charged at pHs above 3.5. 
Due to the increased complexation between chitosan and pectin, the zeta potential of the 
particles decreased with increasing pH. The decrease in zeta potential between 4.0 and 
5.5, might be due to the following factors: (i) increasing ionic strength might lead to 
improved chain flexibility and tighter polyelectrolyte complexation and/or (ii) chitosan 
might be deprotonating as the pH increases toward 6.0. At a pH of 6, the dissociation of 
chitosan is expected because chitosan with a DA below 20% have an intrinsic pKa of 
~6.5.
75
 Thus, the -20 mV zeta potential reported at pH values above 6.0 likely 
corresponds to free pectin in solution. 
3.4 Conclusion 
In this work, aqueous solutions of chitosan and pectin were synthesized into 
polyelectrolyte complexes that were three orders of magnitude smaller than particles 
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previously reported.
15,79,80
 The size, surface charge, and morphology of the LMW CS:Pec 
nanoparticles were examined using DLS, electrophoretic DLS, and TEM, respectively. 
Concentration and order of addition effects were similar to those previously reported for 
other polysaccharide-based polyelectrolyte complex nanoparticles. By adjusting the mass 
ratio of the respective polymers, zeta potential was shown to be tunable without a 
significant change in particle size, enabling antibacterial activity optimization. The 
particles in solution were found to degrade over the course of 30 days, losing stability 
after 14 days. The particles were found to be stable across a tunable pH range from 3.5 to 
6.0. Our ―green‖ particles hold great promise for use in wound healing ointments or 
bandages, pending future antibacterial and anti-inflammation activity testing. Potential 
future work could focus on two key areas: proving that the nanoparticles retain 
antibacterial and anti-inflammatory properties and improving particle stability. The use of 
metal nanoparticle cores or quaternized chitosan could enhance stability. 
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CHAPTER 4 
TUNING CS:PEC INTERACTIONS TO PRODUCE 
THERMOREVERSIBLE CS:PEC HYDROGELS 
Adapted from: Birch, N. P.; Barney, L. E.; Pandres, E.; Peyton, S. R.; Schiffman, J. D. 
Thermal-Responsive Behavior of a Cell Compatible Chitosan/Pectin Hydrogel. 
Biomacromolecules 2015, 16 (6), 1837–1843. 
4.1 Introduction 
Biopolymer hydrogels are important materials for wound healing and cell culture 
applications.
6,7
 While modern synthetic polymer hydrogels are nontoxic and have 
excellent biocompatibility, their primary function is usually as a passive support matrix 
that does not supply any additional bioactivity.
7
 Chitosan (CS) is commonly used in 
hydrogels due to its nontoxic, antibacterial, biodegradable, and biocompatible nature. 
These factors make CS hydrogels highly desirable products.
7–13
 CS requires cross-linking 
to form structures with sufficient chemical stability and mechanical properties. 
Unfortunately, most commonly utilized crosslinking agents - glutaraldehyde,
65
 
carbodiimide,
93
 and diphenylphosphoryl azide
94
 - are cytotoxic. Greener options, like 
sodium tripolyphosphate
88,95
 and genipin
8,96
  are nontoxic but do not contribute any active 
functionality. Polymer−polymer gelation featuring a polycation and a polyanion has also 
been utilized to effectively cross-link CS-based wound healing hydrogels.
10,97
 However, 
similar to the small molecules previously noted, most of these hydrogels have relied on 
passive polyanions. For example, alginate, a biocompatible polysaccharide, is the most 
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common polyanion because it is hydrophilic and enables good exudate uptake.
97,98
 
However, alginate has been reported to have a pro-inflammatory effect.
99
 This makes 
finding an alternative active polyanion desirable. 
An underexplored polyanion that has promising anti-inflammatory
14,15
 properties 
is pectin (Pec). Pec deprotonates above a pH value of approximately 3.5.
19
 The high 
hydrophilicity of Pec is similar to that of other wound healing polyanions, but it has been 
reported to have an additional strong anti-inflammatory effect.
15
 This effect is very 
desirable for treating burns and chronic diabetic wounds. The strong anti-inflammatory 
activity is due to Pec’s high level of esterified galacturonic acid residues which suppress 
the expression of iNOS (cytokine-inducible nitric oxide synthase) and COX-2 
(cyclooxygenase-2), two of the most important enzymes in the inflammation process.
14,15
  
Previously, the electrostatic interactions between CS and Pec have been used to 
generate a variety of structures, including millibeads,
100
 microbeads,
79–81
 nanoparticles,
101
 
and thin films.
10
 Generating flat surfaces through CS:Pec electrostatic interactions 
requires long coalescence times and yields rough and irregular membranes.
10
 To date, 
only one manuscript, by Norby et al.,
9
 has demonstrated that thermoreversible CS:Pec 
hydrogels could be synthesized. They used 1 M hydrochloric acid (HCl) to protonate the 
Pec and enable gelation and hydrogen bonding between the two biopolymers.
9
 However, 
the high level of acid used is not conducive to cell culture and wound healing 
applications. A hydrogel synthesized under physiological conditions would be very 
desirable.  
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In this study, we characterized the rheological properties of a new CS:Pec 
hydrogel system, explored the rehydration of the hydrogels, and demonstrated that the 
hydrogels are compatible with mammalian cells. By using salt to suppress long-range 
electrostatic interactions, we generated a thermoreversible hydrogel that has temperature-
sensitive gelation. Changing from the previously demonstrated acid-based system
9
 to a 
salt-based system yields hydrogels that are much closer to physiological conditions 
immediately after synthesis. Using rheology, we analyzed the tan δ, the ratio of the 
dynamic moduli, and determined the gel point using the Winter-Chambon
102
 method. As 
a proof of concept, we removed the salt from our hydrogels, thus, creating thick and easy 
to cast polyelectrolyte complex (PEC) hydrogels, whose synthesis was previously limited 
by phase seperation.
10,79–81
 For the first time, we explore the capability of 
thermoreversible CS:Pec to support human marrow-derived stem cells. 
4.2 Experimental 
4.2.1 Preparation of CS:Pec Hydrogels 
CS MMW and Pec stock solutions were prepared at a polymer concentration of 
1.5 wt %. MMW CS stock solutions were prepared by mixing in 0.1 M AA at 60 °C for 
12 h. Pec stock solutions were prepared by mixing in DI water at room temperature 
(25 °C) for 12 h. Samples were stored at 4 °C until use in hydrogel preparation. Hydrogel 
samples were prepared by mixing 10 mL of MMW CS stock solution with a measured 
amount of sodium chloride. A 2 mL volume of dilute HCl was added to bring the 
hydrogel to the desired acid concentration. The solution was then heated until it cleared. 
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Pec solution (10 mL) was added, and the solution was heated to 97 °C. Samples were 
stored at 4 °C. 
4.2.2 Characterization of Chitosan:Pectin Hydrogels by Rheology 
Small amplitude oscillatory shear measurements were performed in a Kinexus Pro 
rheometer (Malvern Instruments, U.K.) using a concentric cylinder geometry with a 
diameter of 25 mm and horizontal gap of 1 mm, run with a vertical gap of 1 mm. The 
sample was injected into the cell at 80 °C, the geometry was lowered into position, and 
the top of the geometry was sealed using mineral oil to prevent solvent evaporation. A 
strain amplitude sweep was performed to ensure that experiments were conducted within 
the linear viscoelastic region and a strain percent of 5% was selected. Oscillation 
frequency sweeps were conducted over an angular frequency domain. The measuring unit 
utilizes a temperature control unit (Peltier cylinder cartridge) to achieve rapid 
temperature changes and ±0.01 °C temperature control. The sample was allowed to gel 
for 4 h at 25 °C before measurement commenced and was given 20 min to equilibrate at 
each temperature. Additional samples were run with 1 h thermal equilibration times over 
a narrower range to corroborate the results from the 20 min runs. There were no signs of 
degradation over the course of repeated oscillatory shear measurements at varying 
temperatures. No signs of hysteresis were found when the sample was heated or cooled, 
which demonstrated the reversibility of the gelation.  
4.2.3 Drying and Swell Testing  
Samples used for swell testing were reheated until liquid and cast into 13 × 13 
mm square petri dishes and allowed to gel. Discs with a diameter of 2.56 cm were then 
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cut using a Spearhead 130 punch set (Zimmerman Packing and MFG., Cincinnati, Ohio) 
and placed on parafilm to dry in a fume hood for 6 days. Hydrogels were then removed 
from parafilm, weighed, and placed in 100 mL of phosphate buffered saline (pH 6.0 or 
7.4) for a set period of time and removed, gently wiped dry, and weighed. The hydrogel 
swelling ratio in percent (%) was calculated using the following equation, (mf − mi )/mi 
× 100%, where mi and mf were the initial and final weights of the hydrogel, respectively.  
4.2.4 Characterization of Cell Compatibility with Chitosan/Pectin Hydrogels 
Telomerase-modified (hTERT), human marrow-derived stem cells (MSCs), a 
generous gift from Linda Griffith (Massachusetts Institute of Technology), were routinely 
cultured in Dulbecco’s modified eagle’s medium supplemented with 10% fetal bovine 
serum, 1% penicillin-streptomycin, 1% nonessential amino acids, 1% L-glutamine, and 
1% sodium pyruvate at 37 °C and 5% CO2. All cell culture supplies were purchased from 
Life Technologies (Carlsbad, CA).  
4.2.5 Cell Viability 
Sterile hydrogels were prepared by repeating the hydrogel synthesis protocol 
under sterile conditions. Each well of a 12-well plate was filled with 1.3 mL of sterile 
liquid hydrogel precursor by pipet. The plates were left to dry in a laminar flow hood for 
2 days. Nonrinsed hydrogels were used immediately. Individual well plates containing 
rinsed hydrogels were rinsed twice in 500 ml sterile DI water before use. Rattail Collagen 
1 (Life Technologies, Carlsbad, CA) was then passively adsorbed to hydrogels at 1 
μg/cm2 at room temperature overnight. Hydrogels were rinsed 4× in sterile phosphate-
buffered saline, UV sterilized for 6-12 h, then incubated with complete cell culture 
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medium overnight. MSCs were seeded onto the hydrogel surfaces at 10000 cells/cm
2
 and 
the medium was changed every 2 days for 14 days. At days 1, 4, 7, 10, and 14, live cells 
were stained with 4 μM ethidium homodimer-1 (nuclear stain to indicate dead cells) and 
2 μM calcein AM (cytosolic stain to stain all cells; Life Technologies, Carlsbad, CA) in 
serum -free medium for 30 min. Imaging was performed using a Zeiss Spinning Disc Cell 
Observer SD (Zeiss, Jenna, Germany) at 20× magnification. Area of cell spheroids was 
quantified via manual tracing in ImageJ 1.48p software (National Institutes of Health, 
Bethesda, MD). N = 2 independent biological replicates were performed and quantified.  
Protein Absorption was quantified by pipetting 100 μL of sterile hydrogel 
precursor into 96 -well plates. These hydrogels were dried and a subset were rinsed, as 
previously described. BSA concentrations ranging from 0 to 1250 μg/cm2 were passively 
absorbed to the hydrogel surfaces at room temperature for 24 h on a rotator. Hydrogels 
were rinsed 4× with phosphate-buffered saline, 250 μL Bradford reagent (Pierce 
Biotechnology, Rockford, IL) was added per well, and absorption at 600 nm was read 
(Biotech ELx800, 783 Winooski, VT, U.S.A.) after 5 min incubation. N = 2 independent 
replicates were performed and quantified. Data was normalized to the blank for each 
hydrogel condition.  
4.2.6 Statistical Analysis 
Statistical analysis was performed using Prism v6.0b. Data are reported as mean ± 
standard error. Statistical significance was evaluated using an unpaired, two-tailed t-test.  
P-values <0.05 are considered significant, where p<0.05 is denoted with *, ≤0.01 with **, 
≤0.001 with ***, and ≤0.0001 with ****. p ≥ 0.05 is considered not significant (―ns‖).  
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4.3 Results and Discussion 
4.3.1 Characterization of Rheology and Swelling of Chitosan/Pectin Hydrogels 
After successfully synthesizing CS:Pec hydrogels, samples were physically 
characterized using three methods. The first of these was bulk rheology to determine the 
strength and temperature response of the hydrogel systems. Temperature had a strong 
effect on the viscoelastic properties of the CS:Pec hydrogels at three HCl concentrations 
(0.00, 0.02, and 0.04 M), a fixed ionic strength of 1.050 M, and a total polymer 
concentration of 1.5 wt %, Figure 6. The elastic moduli dominates throughout, though 
the gap between the elastic and viscous moduli varies with temperatures. The elastically 
dominated behavior is common and implies that the material is a fairly elastic pseudo-
plastic.
9
 The decreasing gap between the elastic and viscous moduli at high temperatures 
suggests that there is a phase transition that does not overcome the naturally elastic 
behavior of the heated CS:Pec solution.
9,103
 
The rheological properties of hydrogels can also provide important insight into 
their potential end uses. In cases where a soft solid is involved, small amplitude 
oscillatory shear provides extensive rheological data without destroying the interior 
structures. The storage (G′) and loss moduli (G″) of the material help to illuminate the 
elastic and viscous natures of the hydrogel. The ratio of these moduli, tan δ, is the ratio of 
lost energy to stored energy, and is a valuable measure of material phase.
9,104
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Figure 6: CS:Pec hydrogels have strong temperature dependence. Temperature 
dependence of the elastic and viscous moduli (at a fixed frequency of 6.28 rad/s) for 
aqueous mixtures of CS:Pec in (top-to-bottom) 0.0, 0.02, and 0.04 M HCl. 
The Winter−Chambon method was utilized to quantify gelation temperatures for 
increasing acid concentrations.
102
 This method defines the gelation point as the point 
where the tan δ (the viscous modulus over the elastic modulus) values become frequency 
independent. This phenomenon is demonstrated in Figure 12, which shows the increase 
in the spread of tan δ with temperature. Tan δ does not collapse into total frequency 
independence, but does exhibit two distinct phases, a hydrogel phase with very low 
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frequency dependence and a solution phase with higher frequency dependence. The 
gelation temperature has been found to be accurate (±1 °C) by close inspection of the raw 
data. The observed gelation temperature displays no sign of hysteresis: cooling and 
heating produces the same result. Results are independent of temperature change 
direction and magnitude. 
 
Figure 7: Temperature dependence of CS:Pec gelation.  Temperature dependence of 
tan δ for CS:Pec in (top-to-bottom) 0.0, 0.02, and 0.04 M HCl. Gelation temperatures are 
shown as vertical black lines. 
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Figure 8: Acid concentration effects on dynamic moduli at relavent temperatures. 
Frequency dependence of the dynamic moduli for CS:Pec in (top-to-bottom) 0.0, 0.02, 
and 0.04 M HCl below gelation temperature (25 °C), at gelation temperature (46, 42, 
40 °C), and above gelation temperature (55, 50 °C). 
Figure 8 further demonstrates the frequency independence of the elastic moduli 
regardless of temperature or acid concentration. In all cases, the frequency dependence of 
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the dynamic moduli increases as the temperature is near or above the gelation 
temperature. G′ remains above G″ at all temperatures and the two lines remain parallel in 
most cases. When the complex viscosity is analyzed, Figure 9, the results are similar to 
the results from the dynamic moduli. The slope of every line is very close to −1, meaning 
that even the solution phase is relatively elastic with a low level of viscous deformation. 
There is a strong temperature dependence in both the hydrogel and solution phases, 
however this effect is diminished by increasing the acid concentration. The similarity of 
behavior among the systems means that acid content can be fully minimized to 0.00 M 
HCl without losing thermoreversibility. Small amounts of acid can also be used to tune 
the gelation temperature very sensitively. 
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Figure 9: Acid concentration effects on complex viscosity at relavent temperatures. 
Frequency dependence of complex viscosity for CS:PEC in (top-to-bottom) 0.00, 0.02, 
and 0.04 M HCl below gelation temperature (25 °C), at gelation temperature (46, 42, 
40 °C), and above gelation temperature (55, 50 °C). 
The dynamic moduli and complex viscosity of an incipient hydrogel can be 
described by a simple power law where G′ is described by eq 1, G″ by eq 2, and η* by eq 
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3.
9,102,103
 The dynamic viscosity is defined by the Legendre gamma function (Γ(n)), the 
viscoelastic exponent (n), and the hydrogel strength parameter (S). The hydrogel strength 
parameter relates the molecular chain flexibility and the cross-linking density of the 
hydrogel.
9
 As we can see from eqs 1 and 3, when the elastic modulus is frequency 
independent (n = 0), the complex viscosity should have a slope of -1. 
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Figure 10: Viscoelastic exponent and hydrogel strength parameter as a function of 
acid concentration. The viscoelastic exponent, n, and the hydrogel strength parameter, 
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S, for CS:PEC in (top-to-bottom) 0.00, 0.02, and 0.04 M HCl at gelation temperature (46, 
42, 40 °C). 
At each CS:Pec acid system’s gelation temperature, power law fits were obtained 
for the complex viscosities in Figure 9, and values for n and S were calculated, Figure 
10. The incipient hydrogels remain almost entirely frequency independent (n ∼ 0.05), 
regardless of acid concentration. However, the hydrogel strength changes strongly with 
acid concentration. This effect could be explained by a decrease in the density of 
hydrogen-bonding crosslinks as Pec protonates, or the result of the chain stiffness of 
MMW CS and Pec changing as the pH increases.
9
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4.3.2 Characterization of Swelling of Chitosan/Pectin Hydrogels 
 
Figure 11: The swelling behavior of CS:Pec hydrogels and the SEM cross-section of 
the same. (A) Swelling versus time for 0.00 M HCl CS:Pec hydrogels at pH values of 7.4 
and 6.0. (B) SEM micrograph displays the cross-section of a lyophilized post-synthesis 
0.00 M HCl CS:Pec hydrogel, the scale bar is 100 μm. 
Swell testing and scanning electron microscopy (SEM) were performed to gain 
insight into the ability of the hydrogel to uptake fluid and release loaded agents. The as-
synthesized hydrogels had a theoretical swelling ratio of ∼6600%. However, when the 
hydrogels were systematically dried and then swollen, they were not able to take up 
anywhere near that amount of water. Figure 11 displays that dried hydrogels absorbed 
  43 
 
their maximum amount of phosphate buffered saline solution quickly, within 15 min. 
This is consistent with previously studied CS:Pec hydrogel systems.
10
  The swelling was 
not affected by pH value: After 1 h, at pH values of 7.4 and 6.0, the CS:Pec hydrogels 
swelled to 370 ± 20% and 370 ± 4%, respectively, which is consistent with previous 
CS:Pec hydrogels.
10
 The two rehydration curves are statistically identical with the 
exception of the 5 min time points. SEM micrographs suggest that the hydrogel contains 
a wide range of pore sizes, some as large as 30 μm. Since the limitations of acquiring 
micrographs on lyophilized hydrogels are well-known, an average pore size was not 
quantified. Our micrographs are intended to show comparison to other hydrogels 
prepared and imaged using a similar method. However, we can hypothesize that the swell 
testing data was extremely variable due to the observed high variability in pore size. It is 
likely that the statistical significance in the 5 min time points is not indicative of a real 
difference. It is likely that, as the swelling ratio decreased with drying and rehydration, 
the pore size did as well.
105
 Even so, these large pores should allow the loading and 
release of even very large proteins. The rapid swelling, high equilibrium swelling ratio, 
and large pore size suggest that our hydrogel system may be appropriate for a wound 
dressing since it can absorb large volumes of exudate. 
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4.3.3 Characterization of Cell Compatibility with Chitosan/Pectin Hydrogels 
 
Figure 12: MSC spheroid size, average spheroid size, and the protien abosption of 
BSA on CS:Pec hydrogels.  (A) Representative hTERT MSC spheroids over a 14 day 
compatibility test on (top) rinsed and (bottom) non-rinsed 0.00 M CS:PEC hydrogels. 
Cells are stained with live (green, Calcein AM) and dead (red, Ethidium homodimer-1) 
stains. (B) Average spheroid area as a function of time. (C) The of passive absorption of 
BSA to the 0.00 M CS:PEC hydrogels, is provided. 
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After fully characterizing the physical properties of the CS:Pec hydrogels, their 
compatibility with cells in physiological conditions was explored. Telomerase-modified, 
human marrow-derived stem cells, were used due to their extensive role in wound 
healing.
106
 We theorized that the high salt level in the dried CS:Pec hydrogels would 
result in cell death, so a rinsing procedure was implemented. Both rinsed and nonrinsed 
0.00 M HCl CS:Pec hydrogels were tested for cell viability. Notably, Figure 12A 
displays that no significant stem cell death occurred as a result of the stem cells 
contacting either the rinsed or nonrinsed CS:Pec hydrogels over a 14 day period. Even 
with passive absorption of an adhesive ligand there was a low level of adhesion to the 
CS:Pec hydrogels.
107
 The stem cells did not adhere and spread, but adhered to other cells 
and formed spheroids. These spheroids have been previously reported for chitosan-based 
hydrogels.
108
 At 1 day after seeding, spheroid size was greater on the non-rinsed CS:Pec 
hydrogels, but there were fewer of these spheroids (data not shown). This led us to 
explore the possibility that the CS:Pec hydrogels differed in their ability to absorb 
proteins, resulting in the differential cell spheroid formation. BSA absorption was 
quantified, and the results are provided in Figure 12C. The nonrinsed CS:Pec hydrogels 
absorbed less protein, likely resulting in the poor cell adhesion. The increased protein 
absorption we observed after rinsing is likely due to the removal of charge screening 
ions. However, these differences were only observed at protein concentrations 
significantly higher than the passively absorbed collagen or serum we introduced, 
explaining both the minimal differences in morphology and the lack of cell spreading that 
we observed in both CS:Pec hydrogel systems. 
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The ability of CS:Pec hydrogels to promote long-term cell survival and 
proliferation was also explored. Marrow-derived stem cell spheroids were heterogeneous 
and increased in size over the 14 day culture period, but initially grew larger more 
quickly on the rinsed CS:Pec hydrogels, Figure 12B. The initial difference in spheroid 
growth rate tapered off and disappeared by day 14, likely due to salt leaching out from 
the nonrinsed CS:Pec hydrogels during media replacement. The low level of cell 
adhesion and lack of cell death over 14 days of culture demonstrate that the CS:Pec 
hydrogels are both safe for physiological use and likely will not stick to wounds if used 
as a bandage, thus facilitating the changing of dressings. The difference between the 
rinsed and nonrinsed CS:Pec hydrogels can be partially explained by the differences in 
protein uptake, but it is likely that the removal of charge screening ions by rinsing may 
have some effect on hydrogel stiffness and morphology. While stem cells have been 
shown to form spheroids on chitosan-based materials,
108,109
 keratinocytes, fibroblasts, and 
epithelial cells usually do not form spheroids and have shown good attachment.
110,111
 The 
physical properties of chitosan materials can induce spheroid formation through a 
combination of factors,
112
 and thus, further study is needed to determine if the spheroid 
behavior is due to the cell type used in this study or the physical properties of the CS:Pec 
hydrogels.  
4.4 Conclusion 
In this work, we have described the synthesis and have fully characterized the 
physical properties of a biologically compatible thermoreversible CS:PEC hydrogel. We 
examined the effects of three acid concentrations, 0.00, 0.02, and 0.04 M HCl, before 
determining that CS:Pec hydrogel strength and temperature were both improved by fully 
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replacing the acid content with salt. The CS:Pec hydrogels were found to continue to 
strengthen at lower temperatures. At pH values of 6.0 and 7.4, the dried hydrogels rapidly 
swelled to ∼370% of their initial weight. Our acid-free CS:PEC hydrogels were 
biocompatible with human marrow-derived stem cells after drying. Notably, protein 
absorption and cell proliferation were improved by rinsing the hydrogels. By using salt to 
suppress long-range electrostatic interactions, we have synthesized novel CS:Pec 
hydrogels with excellent exudate uptake that hold potential as bandages for chronic 
wound healing. Directions for future work include animal testing with diabetic mice and 
the diffusion of potential drugs for delivery. 
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CHAPTER 5 
RHEOLOGICAL CHARACTERIZATION OF 
CS/PEO:CINNAMALDEHYDE EMULSION FOR 
IMPROVED ELECTROSPINNING 
Adapted from: Rieger, K. A.; Birch, N. P.; Schiffman, J. D. Electrospinning 
Chitosan/poly(ethylene Oxide) Solutions with Essential Oils: Correlating Solution 
Rheology to Nanofiber Formation. Carbohydr. Polym. 2016, 139, 131–138. 
5.1 Abstract 
Solution rheology can be a powerful tool for improving electrospun systems, 
chain entanglement (Ce) concentration and viscosity can give key insight into whether or 
not a solution will spin into defect-free fibers. However, the correlation between 
precursor solution properties and nanofiber morphology for polymer solutions 
electrospun with or without hydrophobic oils has not yet been demonstrated. 
Cinnamaldehyde (CIN) and hydrocinnamic alcohol (H-CIN) were electrospun in chitosan 
(CS)/poly(ethylene oxide) (PEO) nanofiber mats as a function of CS molecular weight 
and degree of acetylation (DA). Solution viscosity and chain entanglement (Ce) 
concentration were determined through a battery of stress sweeps with varying polymer 
concentrations and polymer:oil mass ratios. The maximum polymer:oil mass ratio able to 
be electrospun was 1:3 and 1:6 for CS/PEO:CIN and :H-CIN, respectively. A higher DA 
for chitosan increased the incorporation of H-CIN, but not CIN. The correlations 
determined for electrospinning plant-derived oils could potentially be applied to other 
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hydrophobic molecules, thus broadening the delivery of therapeutics from electrospun 
nanofiber mats. 
5.2 Introduction 
A major class of hydrophobic bioactive agents is essential oils. Due to the rise of 
antibiotic resistance, research into plant-derived agents has surged because they can 
inactivate microbes non-specifically.
113,114
 Within the past two years, a number of 
essential oils, including, Cinnamomum,
60
 Thymus vulgaris,
115
 Chamomilla recutita,
116
 
Cymbopogon,
117
 Mentha piperita,
117
 Acidum tannicum,
118
 Eremanthus erythropappus,
119
 
and Centella asiatica
120
 have been electrospun within nanofiber mats as promising drug 
delivery vehicles. These papers focused on how the essential oil containing nanofiber 
mats influenced antibacterial activity and/or mammalian cell proliferation. However, the 
electrospinning parameters that control the quantity of immiscible phase solution that can 
be incorporated into nanofiber mats has not yet been investigated.    
Previously, we electrospun cinnamaldehyde (CIN), a hydrophobic essential oil, 
using a chitosan (CS)/poly(ethylene oxide) (PEO) solution and quantified the 
incorporation, release, and antibacterial activity of CIN. CS, a polycationic derivative of 
chitin, was chosen because it is a non-toxic, antibacterial, biodegradable, and 
biocompatible biopolymer used for biomedical applications, such as drug delivery.
121
 
Due to the popularity of this biopolymer, the solution properties needed to electrospin 
CS/PEO solutions into nanofiber mats, including, total polymer concentration, CS 
molecular weight, and acid concentration have been experimentally determined.
42,122
 
However, the previous work was limited in scope. Here, for the first time, we determine 
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the chain entanglement concentration (Ce) of CS/PEO solutions as a function of CS 
molecular weight and degree of acetylation (DA). Additionally, we examine the Ce of 
CS/PEO in the presence of immiscible liquid phase agents. Nearly all essential oils rely 
on one of three chemical structures – phenols, aldehydes and alcohols – to exhibit 
biocidal activity.
113
 Here two structurally different essential oils, CIN and hydrocinnamic 
alcohol (H-CIN) (Figure 13) were investigated. CIN is a aldehyde that can react with CS 
to form Schiff bases.
123–126
 H-CIN was chosen as a model alcohol that does not Schiff 
base with CS. Understanding the parameters that enable the electrospinning of solutions 
containing hydrophobic molecules stabilized by CS-containing solutions provides a 
platform to broaden the potential biomedical applications of electrospun nanofiber mats.  
 
Figure 13: Cinnamaldehyde and hydrocinnamyl alcohol chemical structures. 
Cinnamaldehyde (CIN) or hydrocinnamyl alcohol (H-CIN) was incorporated into 
chitosan (CS)/poly(ethylene oxide) (PEO) solutions at a variety of different total 
polymer:oil (p:o) mass ratios.  
5.3 Experimental 
5.3.1 Materials and Chemicals 
Low molecular weight chitosan (LMW CS, poly(D-glucosamine), Mw=460,000 
Da), medium molecular weight chitosan (MMW CS, poly(D-glucosamine), 
Mw=1,000,000 Da), poly(ethylene oxide) (PEO, Mw=6,00,000 Da), ReagentPlus
®
 grade 
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acetic acid (AA, ≥99.0%), cinnamaldehyde (CIN, ≥ 93%, FG, Mw = 132.16 g/mol), 
hydrocinnamic alcohol (H-CIN, ≥ 98%, FCC, Mw= 136.19 g/mol), deuterium oxide, and 
acetic acid-d4 (AA-d4) were obtained from Sigma-Aldrich (St. Louis, MO). Sodium 
hydroxide (NaOH) was obtained from Fisher Scientific (Fair Lawn, NJ). Deionized (DI) 
water was obtained from a Barnstead Nanopure Infinity water purification system 
(Thermo Fisher Scientific, Waltham, MA).  
5.3.2 Modification and Characterization of CS 
A modified medium molecular weight chitosan (MOD-MMW CS, Mw=1,000,000 
Da) was synthesized to provide a direct comparison of molecular weight and DA. MOD-
MMW CS was produced through the deacetylation of the MMW CS by suspending 5.0 g 
of MMW CS in 100 mL of 45 w/w% NaOH. The solution was heated at 70 °C for 45 
min. The MMW CS was then filtered and washed with DI water until a neutral pH was 
achieved.
127
 The resultant powder was then dried for 12 hr in a vacuum oven at 25 °C. 
Proton nuclear magnetic resonance (
1
H NMR, Bruker Avance 400) along with 
SpinWorks3, an NMR analysis software, were employed to quantitatively determine the 
DA of the LMW, MMW, and MOD-MMW CS. Solutions for 
1
H NMR containing 1.0 
w/v% LMW, MMW, or MOD-MMW CS were dissolved in 0.5 M AA-d4 (500 μL). To 
analyze the interactions between CS and CIN or H-CIN, new 
1
H NMR solutions at the 
previously mentioned solution parameters and polymer:oil (p:o) mass ratios of 1:0.2 and 
1:0.4 were prepared.  
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5.3.3 Preparation of CS/PEO and Oil Loaded CS/PEO Solutions 
A 1:1 weight ratio of LMW, MMW, or MOD-MMW CS/PEO (0.5 g/0.5 g) in 0.5 
M AA (20 mL) corresponding to total polymer concentrations ranging from 0.25 to 5.0 
w/v% solutions were mixed for 24 hr at 20 rpm using an Arma-Rotator A-1 (Bethesda, 
MA). CIN or H-CIN (Figure 13), was added to a LMW, MMW, or MOD-MMW 
CS/PEO solution to form an oil loaded solution ranging from 1:0.2 to 1:12 p:o mass ratio. 
These solutions were mixed for an additional 24 hr, at which point, the solution changed 
from transparent to opaque. Throughout the mixing process, the solution had a pH value 
of 4. Within this manuscript, all solutions were prepared in a similar manner using a 1-to-
1 CS to PEO weight ratio.  
5.3.4 Characterization of CS/PEO and CS/PEO(CIN or H-CIN) Solutions 
Oil-loaded solutions with and without PEO were imaged using a Zeiss Optical 
Microscope (Axio Imager A2) to qualitatively examine (i) the polydisperisty of the oil 
droplets and (ii) the effect of PEO addition on oil droplet size for 1:0.5, 1:1, 1:2 and 1:5 
p:o mass ratios. The contact angle of the CS/PEO and oil-loaded CS/PEO solutions were 
determined using a home-built digital Olympus camera imaging setup to capture solution 
droplets. Solutions for contact angle analysis had a total polymer concentration of 2.5 
w/v% for MMW and MOD-MMW CS/PEO, and a total polymer concentration 5.0 w/v% 
for LMW CS/PEO. All oil loaded solutions were mixed with a 1:1 p:o mass ratio. Image 
J 1.45 software (National Institutes of Health, Bethesda, MD) was used to measure the 
contact angle. The average contact angle along with the standard deviation for each 
solution was obtained by measuring three droplets. 
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LMW, MMW, and MOD-MMW CS/PEO solutions with total polymer 
concentrations ranging from 0.25 – 5.0 w/v% were used for rheology. The oil (CIN or H-
CIN) was added at a 1:1 p:o mass ratio. Viscosity measurements were performed using a 
Kinexus Pro rheometer (Malvern, UK) using a concentric cylinder geometry, with a 
diameter of 25 mm, horizontal gap of 1 mm, run with a vertical gap of 1 mm. A viscosity 
stress sweep was conducted from 0.1 to 10 Pa. There were no signs of phase separation 
over the course of measurement. Measurements were conducted at 25 ºC. A Newtonian 
plateau was observed within this range, and the average value of the plateau was 
reported. The resulting data was fit using a two-phase power regression to determine the 
change over from the untangled regime to the entangled regime.
100,122
 Viscosity stress 
sweeps were conducted from 0.1 to 1,000 Pa. Solutions contained a fixed total polymer 
concentration of 2.5 w/v% MMW CS/PEO and were loaded with CIN and H-CIN p:o 
mass ratios ranging from 1:0 to 1:12. A Carreau-Yasuda model was fit to the data and 
plotted to compare both the raw and fitted data. 
5.3.5 Electrospinning of CS/PEO and CS/PEO(CIN or H-CIN) Solutions 
LMW, MMW, and MOD-MMW CS/PEO solutions were electrospun at 
total polymer concentrations ranging from 0.25 - 5.0 w/v%. CIN or H-CIN was 
added to the LMW, MMW, and MOD-MMW CS/PEO solutions at p:o mass ratios 
between 1:1 and 1:12. If the CIN or H-CIN was fully incorporated into the 
CS/PEO solution (i.e., no large bubbles/macrophase separation was observed), 
then the solution was electrospun.  
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Electrospinning solutions were loaded into a 5 mL Luer-Lock tip syringe 
capped with a Precision Glide 18 gauge needle (Becton, Dickinson & Co. Franklin 
Lakes, NJ), which was secured to a PHD Ultra syringe pump (Harvard Apparatus, 
Plymouth Meeting, PA). Alligator clips were used to connect the positive anode of 
a high-voltage supply (Gamma High Voltage Research Inc., Ormond Beach, FL) 
to the needle and the negative anode to a copper plate wrapped in aluminium foil. 
The assembled electrospinning apparatus was housed in an environmental chamber 
(CleaTech, Santa Ana, CA) with a desiccant unit (Drierite, Xenia, OH) to maintain 
a temperature of 22 ± 1 ºC and a relative humidity of 24-28%. All solutions were 
electrospun at a constant feed rate of 60 μL/min, a separation distance of 120 mm 
and an applied voltage of 35 kV.  
5.3.4 Characterization of Electrospun CS/PEO and CS/PEO(CIN or H-CIN) 
Nanofiber Mats 
Micrographs of electrospun nanofibers were acquired using a FEI-Magellan 400 
scanning electron microscope (SEM). A Gatan high resolution ion beam coater model 
681 was used to sputter coat samples with ~5 nm of platinum. To confirm that the 
electrospun nanofiber mats released the oils, LMW CS/PEO solutions containing either 
CIN or H-CIN at a 1:0.2 p:o mass ratio were spun for 60 min. Nanofiber mats were then 
punched into circles with a 0.9525 cm diameter using a Spearhead® 130 Power Punch 
MAXiSET before being submerged in a 1.5 mL centrifuge vial containing 1 mL of DI 
water. The vials were mixed for 48 hrs at 20 rpm using an Arma-Rotator A-1. At 3, 24, 
and 48 hr, the 1 mL of solution from each film sample was tested via UV-Vis 
spectroscopy (Model 8453, Agilent Diode Array, Santa Clara, CA) at an absorbance of 
  55 
 
293 and 288 nm for CIN and H-CIN, respectively.
128,129
 The absorbance of each aliquot 
was averaged and related to a concentration based on a standard calibration curve. Total 
CIN or H-CIN release, μg per nanofiber mat, is reported based on triplicate tests. 
5.4 Results and Discussion 
5.4.1 Characteristics of Chitosan (CS) Solutions 
The 
1
H-NMR spectra of LMW CS is displayed on Figure 2 and is representative 
of the spectra acquired for LMW, MMW, and our in-house modified MOD-MMW CS. 
By taking the relative integrals of 1.7 – 2.4 ppm over 2.7 – 4.4 ppm, we calculated the 
degree of acetylation (DA) values for the three CSs.
83,85,130
 The MMW CS had a 
molecular weight of 1,000,000 Da and a DA of 23%. The LMW and our MOD-MMW 
CS had molecular weights of 460,000 and 1,000,000 Da, respectively, and an identical 
DA value of 13%. This indicates that we have three CSs that will allow us to study the 
role that molecular weight and DA have on electrospinning immiscible phase oils. 
5.4.2 Characteristics of CS:CIN and CS:H-CIN Solutions 
The interactions between CS and each oil, CIN and H-CIN, were also 
characterized using 
1
H-NMR, Figure 14. Peaks roughly around 7 ppm corresponding to 
aromatics are present for both CIN and H-CIN. Highlighted in grey are peaks at 9.0 ppm 
from unreacted aldehydes present on CIN and a peak at 9.5 ppm from reacted CIN, which 
is indicative of a Schiff base reaction.
123–126
 The imine proton can be seen around 8.2 
ppm as a small peak. No peaks are present at 9.0 or 9.5 ppm in the 1H NMR spectra of 
CS:H-CIN because there is no aldehyde within the H-CIN chemical structure and thus, no 
Schiff base or substitution reactions. The degree of substitution (DS) values were 
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calculated from the ratio of the integrated resonances of reacted CIN (9.25 - 9.6 ppm) 
over glucosamine residues on chitosan (2.7 - 4.4 ppm).
123,131
 The DSs for CS:CIN at 1:0.2 
and 1:0.4 p:o mass ratios for the LMW, MMW, and MOD-MMW CSs were determined 
and are compiled in Figure 14B. The DS for the MMW and MOD-MMW CS are 
approximately equivalent and are two times greater than the DS of LMW CS.  
 
Figure 14: NMR spectra for the determination of degree of substitution. 
1
H NMR 
spectra (a) of (top-to-bottom) CS, as well as CS:H-CIN and CS:CIN at a 1:0.2 p:o mass 
ratio. Section in grey highlights peaks due to CIN. Summary of the molecular weight 
(MW), degree of acetylation (DA), and degree of substitution (DS) (b) for CS:CIN 
solutions at 1:0.2 and 1:0.4 p:o mass ratios. H-CIN does not react with CS and therefore, 
no DS values are provided.  
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5.4.3 Characteristics of CS/PEO:(CIN or H-CIN) Solutions 
CS has been suggested to act as a stabilizer
132–135
 because it is composed of two 
blocks, 1,4-linked 2-amino-2-deoxy-β-D-glucan and 1,4 linked 2-acetamido-2-deoxy-β-
D-glucan. To better understand how CIN and H-CIN were stabilized by CS within the 
electrospinning precursor solutions, images of the solutions with and without PEO were 
acquired. Qualitatively, the addition of PEO had little effect on the dispersion of oil. Due 
to the challenges of capturing enough representative images containing a statistically 
relevant number of oil droplets, we offer these images only as a qualitative 
characterization of the oil dispersion. The CIN droplets appeared larger and more 
polydispersed, while H-CIN droplets had a bimodal distribution featuring two smaller 
droplet sizes. As the mass ratio increases, both types of oil droplets appeared to increase 
in size and CIN became more polydispered, consistent with literature.
136
 
Contact angle measurements were obtained for 5.0 w/v% LMW CS/PEO 
solutions, as well as for 2.5 w/v% MMW and MOD-MMW CS/PEO solutions, Table 1. 
These polymer concentrations were chosen because when electrospun, they yielded 
defect-free nanofibers (Section 3.2.1). MMW and MOD-MMW CS/PEO had similar 
contact angles of 28° and 31°, respectively, while LMW CS/PEO had a much higher 
contact angle of 37°. The difference in contact angle is likely due to the polymer 
concentration difference between the testing solutions. MMW and MOD-MMW CS/PEO 
solutions could not be prepared at 5.0 w/v% because they were too viscous. The contact 
angle for the LMW, MMW, MOD-MMW CS/PEO solutions after the addition of CIN 
and H-CIN at a 1:1 p:o mass ratio was also measured. Notably, the addition of CIN and 
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H-CIN at a 1:1 p:o mass ratio significantly decreased the contact angle to 20-25° for all 
CS/PEO solutions.   
Table 1: Summary of CS/PEO and CS/PEO:(CIN or H-CIN) solution 
characteristics. 
CS 
Contact Angle (°) Viscosity (Pa s) Ce (%) 
No Oil CIN H-CIN Oil CIN H-CIN No Oil CIN H-CIN 
LMW CS 37.2±2.3 23.7±0.8 25.8±0.7 0.14 0.10 0.18 3.0 1.8 2.2 
MMW CS 31.5±2.4 25.3±1.9 25.4±0.3 3.31 3.35 3.16 0.8 0.8 1.2 
MOD-MMW 
CS 
28.2±2.2 20.4±3.0 23.6±0.7 1.92 2.11 1.70 1.3 1.0 1.1 
*All solutions were prepared at a 1/1 CS/PEO mass ratio. For solutions containing 
an oil, a 1:1 p:o mass ratio was used. The viscosity measurements were taken using 2.5 
w/v% solutions. 
5.4.4 Electrospinning of CS/PEO Nanofibers and Solution Rheology  
CS (LMW, MMW, and MOD-MMW) solutions as a function of molecular weight 
and DA were successfully electrospun at a 1:1 weight ratio with PEO. As the total 
polymer concentration increased, the resulting nanofibers changed from exhibiting a 
bead-on-string to a defect-free nanofiber morphology, Figure 15. The MMW and MOD-
MMW CS/PEO solutions, which have the same CS molecular weight but different DAs 
produced defect-free nanofibers at the same total polymer concentration of 2.0 w/v%. 
The LMW CS/PEO solution, which has a lower CS molecular weight but the same DA as 
the MOD-MMW CS needed a higher polymer concentration of 3.5 w/v% to electrospin 
into defect-free nanofibers.  
  59 
 
While CS/PEO solutions have previously been electrospun, the polymer chain 
entanglement concentration (Ce) of the solutions has not yet been reported, Figure 15 and 
Table 1. This is surprising seeing how the use of PEO enables CS to be spun using 
greener solvents. 
121
 The Ce predicts the ―spinnability‖ of a precursor solution and the 
minimal polymer concentration needed to electrospin fibers with a bead-on-string 
morphology.
137–139
 The LMW CS/PEO solution had a Ce of 3.0 w/v%, a slightly lower 
concentration than where defect free fibers were experimentally observed. The MMW 
CS/PEO and MOD-MMW CS/PEO solutions had Ce of 0.8 and 1.3 w/v%, respectively. 
Molecular weight had a strong impact on Ce because entanglement is a directly correlated 
with the length of the polymer backbone.
140
 That the DA did not affect the Ce is an 
encouraging finding. This may suggest that despite the batch-to-batch variation that 
biopolymers experience,
121
 electrospinning CS-containing solutions does offer some 
flexibility in terms of operational space. Experimentally, for LMW, MMW, and MOD-
MMW CS/PEO solutions, defect free nanofibers were observed at 1.2-2.5 times Ce which 
corroborates well with previous rheological studies that have electrospun biopolymer 
solutions.
42,45,122,137
 Klossner et al.
122
 reported that the Ce of CS (148,000 Da, DA:15-
25%) in aqueous acetic acid was 2.9 wt%. However, this CS concentration was notably 
too viscous to be electrospun.
122
 Another study examined how PEO improves the 
―spinnability‖ of CS, however, they explored the Ce of the polymers separately and found 
results similar to our MMW and MOD-MMW CS/PEO mixtures.
42
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Figure 15: SEM morphology and rheological measurement at each polymer 
concentration. (a) SEM micrographs display the morphology of LMW, MMW, and 
MOD-MMW CS/PEO nanofibers electrospun with increasing total polymer 
concentration (left to right). On the LMW CS/PEO samples, an ―X‖ indicates that there 
was no observable collection during electrospinning. The entanglement concentrations as 
estimated via rheology are also provided. All scale bars are 2 µm. (b) Specific viscosity 
versus total polymer concentration for LMW, MMW, and MOD-MMW CS/PEO 
solutions. A representative extrapolation of the entanglement concentration (Ce) is 
provided for LMW CS/PEO.  
5.4.5 CS/PEO:(CIN or H-CIN) Solution Rheology 
The addition of CIN or H-CIN at a 1:1 p:o mass ratio to the LMW CS/PEO 
solution had a strong impact on the Ce, Figure 16 and Table 1. The addition of CIN and 
H-CIN reduced the Ce from 3.0 to 1.8 and 2.2 w/v%, respectively. The Ce of the MMW 
and MOD-MMW CS/PEO solutions remained relatively constant regardless of oil 
addition, varying overall from 0.8-1.2 and 1.0-1.3 w/v%, respectively. The type of oil had 
little effect on the Ce for all CS/PEO solutions.  
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Figure 16: Specific viscosity of oil-loaded CS/PEO systems across a range of 
concentrations. Specific viscosity versus total polymer concentration for LMW, MMW, 
and MOD-MMW CS/PEO solutions, with CIN and H-CIN. The data is shown with a 
two-phase power regression. CIN and H-CIN were added at a 1:1 p:o mass ratio.  
CS/PEO solution viscosity with and without CIN or H-CIN at a 1:1 p:o mass ratio 
was determined, Table 1. The viscosity of the LMW, MMW, and MOD-MMW CS/PEO 
solutions at 2.5 w/v% remained ~0.14, 3.3, and 1.9 Pa s, respectively, regardless of oil 
loading. The similar behavior between MMW and MOD-MMW CS/PEO solutions 
loaded with CIN or H-CIN suggests that the effect of DA on solution viscosity was small. 
A similar observation on viscosity was previously reported by the addition of surfactants 
to CS/PEO solutions.
141
 As the polymer concentration of the LMW CS/PEO solution 
increased above its Ce (3.0 w/v%), the addition of oil strongly decreased the solution 
viscosity. At 5.0 w/v% the LMW CS/PEO solution viscosity decreased from 2.5 Pa s to 
0.8 Pa s with CIN addition, and to 1.3 Pa s with H-CIN addition. Similar to Ce, the 
solution viscosity was only oil sensitive for the LMW CS/PEO solution.  
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Figure 17 displays how the MMW CS/PEO solution behavior changed due to the 
addition of CIN and H-CIN at p:o mass ratios from 1:0 to 1:10 and 1:12, respectively. A 
Carraeu-Yasuda fit (Equation 1) was applied to further analyze the data. 
 
     (     )[  (  ̇)
 ]
   
  
Equation 4 
Wherein the apparent viscosity ( ) is described by an infinite shear viscosity 
(  ), a zero shear viscosity (  ), a relaxation time ( ), a transition width ( ), and a power 
law index ( ).142 
 
Figure 17: Viscosity curves for MMW CS/PEO systems with varying p:o mass 
ratios. Viscosity curves of MMW CS/PEO solutions with increasing p:o mass ratios from 
1:0 to 1:12 for (A) CIN and (B) H-CIN. A p:o mass ratio above 1:10 for CIN was not 
possible due to phase separation.  
Both the infinite shear viscosity and the zero shear viscosity decreased as the 
amount of CIN or H-CIN increased, which was expected based on the LMW CS results 
from Figure 16. At the 1:1 p:o mass ratio, the viscosity curves are almost identical, but as 
the amount of oil increased the behavior of CIN and H-CIN start to diverge. At the 
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middle loadings (1:2 and 1:4 p:o mass ratios), CIN has a slightly weaker negative effect 
on the viscosities. At the highest two oil loadings (1:8 and 1:12 p:o mass ratios), H-CIN 
begins to thicken again and the zero shear viscosity shifts far to the left. By contrast, at 
the two highest CIN loadings (1:8 and 1:10 mass ratios), the zero shear viscosity drops 
substantially and by a p:o mass ratio of 1:10, the curve is nearly flat. When a higher 
loading of CIN at p:o mass ratio of 1:12 was attempted, we observed severe phase 
splitting. Additionally, loadings of CIN above a 1:12 p:o mass ratio resulted in the 
formation of a dynagel, which has been reported by Marin et al.
125
 Within their work, the 
minimum CIN:amine group ratio needed to obtain CS gelation was a 22:1 molar ratio, 
which matches well with our findings of a 21:1 molar ratio. The abnormal behavior of the 
CIN-loaded solutions can be attributed to the chemical bonding that takes place with CS, 
this shifts the behavior away from that of a non-interacting oil like H-CIN. 
5.4.6 CS/PEO:(CIN or H-CIN) Nanofiber Characteristics 
Nanofiber mats containing CIN or H-CIN were successfully electrospun from 
LMW, MMW, and MOD-MMW CS/PEO solutions as a function of the CS molecular 
weight, DA, polymer concentration, and p:o mass ratio, Figure 18. The polymer 
concentrations 3.5 and 5.0 w/v% for LMW CS/PEO solutions, as well as 2 and 2.5 w/v% 
for MMW and MOD-MMW CS/PEO were chosen because they formed smooth 
cylindrical nanofiber mats without any oil addition, Figure 15. 
After adding CIN or H-CIN to any CS/PEO solution, an increase in polymer 
concentration was needed to yield smooth and cylindrical nanofibers. This is expected as 
the contact angle, Table 1, decreased after the addition of CIN or H-CIN, hence leading 
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to a lower surface tension. Previous studies have reported that a decrease in surface 
tension leads to nanofibers with bead-on-string morphology.
42
 Additionally, as shown in 
Figure 16, both the infinite shear viscosity and the zero shear viscosity decreased as the 
amount of CIN or H-CIN increased. While the solution properties, such as, polymer 
concentration and surface tension, can be confounding, viscosity has been reported to be 
a dictating parameter for electrospinning.
143
   
 
Figure 18: Compilation of nanofiber morphology at varying concentration and p:o 
ratio. Compilation of the morphology of nanofibers electrospun from LMW, MMW, and 
MOD-MMW CS/PEO:(CIN or H-CIN) at various p:o mass ratios. N/A indicates that 
solutions did not form nanofibers when electrospun, cartoons represent that nanofibers 
with a bead-on-string or cylindrical morphology was formed. SEM micrographs provide 
representative morphology, all scale bars are 1 µm. 
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A direct comparison of DA was conducted by electrospinning MMW and MOD-
MMW CS/PEO solutions. The 2.5 w/v% MMW CS/PEO solution led to the highest 
loadings of H-CIN (1:6 p:o mass ratio) suggesting that higher DA improves the stability 
and electrospinability of H-CIN solutions. A previous report stated that a high DA of 
39% increased the stability of carbon nanotubes dispersed in CS, as compared to CS DA 
values of 7 to 29%.
132
  For CIN solutions, the change in DA did not have as large of an 
effect as on H-CIN solutions. This might be due to the presence of a Schiff base reaction 
between CIN and CS. Additionally, CIN is 10 times less soluble than H-CIN, which 
could influence the ability of CS to disperse the oil. In fact, the highest loading of CIN 
(1:3 p:o mass ratio) that could be electrospun into defect-free nanofibers was achieved 
using either a 5.0 w/v% LMW CS/PEO solution or a 2.5 w/v% MOD-MMW CS/PEO 
solution. As expected, the effect of molecular weight on the ability to electrospin oil 
loaded CS/PEO solutions appeared to be relatively small because all of the polymer 
concentrations tested were above the Ce. Overall, for successful electrospinning, the DA 
and molecular weight of CS are parameters that must be tuned based on the oil structure.     
5.4.7 Release Characteristics of CS/PEO(CIN or H-CIN) Nanofiber Mats 
As a final proof-of-concept, we confirmed that CIN and H-CIN were incorporated 
into the electrospun nanofiber mats by examining the release of the oils post-
electrospinning.  A low, 1:0.2 p:o mass ratio, was chosen because both oils could be 
electrospun for 1 hr from a 5% LMW CS/PEO solution to form robust nanofiber mats 
that could be handled and tested. UV-Vis quantified that 8.58 × 10
-3
 ± 3.8 × 10
-3
 μg of 
CIN and 1.5 ± 0.5 μg of H-CIN were released from the CS/PEO nanofiber mats after 3 
hr. After 48 hr, there was no further release of CIN or H-CIN. The release of CIN is 
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consistent with our previous work
60
 and the difference in release between the two oils is 
likely due to their unique properties, namely, solubility and/or their chemical interaction 
with CS. For example, the CIN that has Schiff base reacted with CS likely will not be 
released from the nanofiber mats within the timeframe of our experiment.  
5.5 Conclusion 
In this study, the correlation between precursor solution properties and the 
morphology of CS/PEO and CS/PEO:(CIN or H-CIN) nanofibers was investigated by 
focusing on CS molecular weight and DA, as well as p:o mass ratio. We have 
demonstrated that CS/PEO solutions containing a range of CIN and H-CIN p:o mass 
ratios form nanofibers. An increase in polymer concentration caused a transition from 
bead-on-string to cylindrical nanofiber morphology, indicating that the addition of oil 
reduced the solution viscosity. This was corroborated through viscosity stress sweeps. A 
low DA improved the electrospinning of solutions that contained CIN, while the opposite 
was observed for solutions that contained H-CIN. When the same p:o mass ratio of 
CS/PEO to CIN or H-CIN was electrospun into nanofiber mats, there was a 57% higher 
release of H-CIN than CIN, which was likely a result of oil properties. We suggest that 
insights gained from electrospinning CIN and H-CIN could be applied to hundreds of 
additional bioactive essential oils, as well as a variety of small hydrophobic molecules, 
thus significantly broadening the delivery of therapeutics from electrospun nanofiber 
mats.  
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CHAPTER 6 
RHEOLOGICAL CHARACTERIZATION OF ANIMAL 
TISSUES 
Adapted from: Jansen, L. E.; Birch, N. P.; Schiffman, J. D.; Crosby, A. J.; Peyton, S. R. 
Mechanics of Intact Bone Marrow. J. Mech. Behav. Biomed. Mater. 2015, 50, 299–307.  
With excerpts from two additional articles currently in preparation: 
Polio, S. R., Aurian-Blajeni, D. E., Birch, N. P., Schiffman, J. D., Crosby, A. J., Peyton, 
S. R. ―Comparative mechanical testing of lung parenchyma‖ In Preparation 
Galarza, S., Mijailovic, A. S., Birch, N. P., Schiffman, J. D., Crosby, A. J., Peyton S. R., 
Van Vliet, K. J., ―Measurement of brain tissue mechanical properties by cavitation 
rheology‖ In Preparation 
6.1 Abstract 
The current knowledge of bone marrow mechanics is limited to its viscous 
properties, neglecting the elastic contribution of the extracellular matrix. To get a more 
complete view of the mechanics of marrow, we characterized intact yellow porcine bone 
marrow using rheology. Porcine lung tissue, muscine brain tissue, and porcine brain 
tissue were also examined as these tissue also have a gap in their literature values around 
their response to shear stress. Our analysis shows that all four tissues are primarily 
elastic. Porcine bone marrow and both brain tissues were found to have a large amount of 
inter-sample heterogeneity. We found that lung tissue was stiffer than bone marrow and 
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that the brain tissues were the least stiff. We anticipate the knowledge of the elastic 
properties of these tissues will elucidate mechanisms involved in disease progression and 
regenerative medicine. 
6.2 Introduction 
Bone marrow plays a significant role in body homeostasis by regulating immune 
and stromal cell trafficking. Researchers have characterized the matrix content and the 
role of local cells in bone physiology, but capturing the mechanics of bone marrow tissue 
has been limited in scope. The elastic modulus of engineered substrates is well known to 
influence cell shape, proliferation, migration and differentiation.
73,144–146
 While 
significant effort has gone into recapitulating the hematopoietic microenvironment in 
vitro for both regenerative medicine and to improve drug screening, there is no 
physiological measurement of the modulus of intact bone marrow.
147–151
 Though some of 
these model systems incorporate controlled mechanics, there is little validation for the 
stiffness choices, even though bone marrow stromal and progenitor cells are 
mechanically responsive to both engineered substrates, and the viscosity of the 
surrounding fluid.
70–73
 Knowing the modulus of in vivo tissue is critical for regenerative 
medicine as well. For example, the Blau lab found that the regenerative capacity of 
muscle stem cells is enhanced when cultured on surfaces mechanically similar to mouse 
muscle.
152
 This highlights the need for methods that can appropriately characterize the 
heterogeneous mechanics of bone marrow tissue to understand its role in driving the 
behaviors of the cells within. 
Marrow tissue has hematopoietic-rich and adipose-rich regions, which are 
referred to as red and yellow marrow, respectively. Yellow marrow is enriched in the 
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medullary cavity and red marrow in the spongy, trabecular bone.
153–155
 Cell content in the 
marrow is a dynamic process, and yellow marrow can expand and contract as 
haematopoiesis occurs.
153–155
 Unfortunately, the difficulty of harvesting red marrow has 
limited the ability to isolate and test its mechanics using conventional methods. Yellow 
marrow has been shown to be mechanically heterogeneous in studies where samples are 
homogenized and centrifuged to remove cell and bone debris.
35,37
 Prepping samples in 
this manner removes many of the inconsistencies caused when harvesting marrow, but 
ignores the elastic contribution of the bone marrow extracellular. The most robust study 
on yellow marrow mechanics measured the viscosity of the marrow from 19 human 
subjects and found no apparent correlation between age and marrow viscosity, though 
marrow has been shown to yellow with age.
35,69
 Another group found proximal bovine 
marrow, the tissue close to the trabecular bone, to be more viscous than distal bovine 
marrow, and they suggest that these changes in viscosity are a function of spatial marrow 
composition.
36
 Though both of these studies are informative, the impact of the 
surrounding or, potentially inclusive, trabecular bone is neglected because samples were 
homogenized and filtered.  
The anatomical location and surrounding cortical bone poses a unique challenge 
for researchers interested in mechanically studying bone marrow tissue. Many studies 
have looked at properties of homogenized marrow, by extracting marrow from the 
medullary cavity and performing bulk rheology, but these approaches are destructive and 
create a critical gap in our knowledge of intact marrow mechanics.
33–37
 Additionally, 
researchers have used techniques to measure intramedullary pressure (IMP) to better 
understand how lifestyle choices, such as loading, disuse, steroid use, and diseases such 
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as osteoporosis and cancer change marrow content, blood flow, and bone remodeling.
156–
160
 It is clear that many external factors impact IMP changes, but no work has gone into 
characterizing the mechanics of the intact matrix, which we suggest plays a stiffness-
dependent role in disease progression. Rheology is the dominant method used to 
characterize bone marrow tissue, with the exception of one group that used ultrasonic 
wave propagation.
161
 However, ultrasonic wave propagation reported that the Young’s 
modulus of bovine marrow is the same order of magnitude as what others have found for 
the surrounding spongy bone (~2 GPa).
162
 The stark differences between marrow and 
bone likely make it hard to distinguish the marrow mechanics with this type of technique. 
The characterization of intact bone marrow will improve the understanding of marrow 
mechanics and make it possible to build more accurate in vitro models of marrow tissue. 
Alongside our exploration of bone marrow’s physical characteristics the same 
methods were applied to other tissues. Lung tissue has a long history of being 
characterized with extensional rheology, but very little shear rheology characterization 
has been done.
31
 Mouse and pig brain are much less well explored tissues and even basic 
data is difficult to find in literature.
32
 Characterizing these tissues with shear rheology 
will render additional insight into the tissues and provide easy comparison to synthetic 
mimics. 
6.3 Materials and Methods 
6.3.1 Bone Marrow Rheology 
Femurs from grass-fed large black Tamworth Cross pigs, 6-10 months old, were 
gathered from a local butcher, and mechanical testing was conducted within 2 hrs post-
  71 
 
opening of the bone cavity. Rheology samples were gathered from a bone cut lengthwise 
down the femur, and tissue samples were biopsy punched out of the medullary cavity and 
stored in phosphate buffer solution (pH 7.4) for mechanical testing (Figure 19a). 
Small amplitude oscillatory shear (SAOS) measurements were performed in a 
Kinexus Pro rheometer (Malvern Instruments, UK) using a plate-plate geometry, with a 
diameter of 20 mm and gap of 1 mm. Porcine bone marrow punches were placed on the 
lower plate, the top plate was lowered into position, and excess marrow was trimmed 
with a razor blade. A solvent trap was placed over the geometry and temperature was 
maintained at 25 °C. A 0.15% strain was selected from a strain amplitude sweep to 
ensure that experiments were conducted within the linear viscoelastic region. Oscillatory 
frequency sweeps were conducted between 0.1 and 16 Hz. To capture temperature 
variation, samples were heated to 35 °C, and the measurements were repeated. The 
effective Young’s modulus (EEff) was calculated at a frequency of 0.1 Hz assuming a 
Poisson’s ratio,  , of 0.5.  
         (   ) Equation 5 
6.3.2 Brain Rheology 
Muscine and porcine brain samples were obtained from the Peyton research 
group. SAOS measurements were performed on the Kinexus Pro rheometer using a plate-
plate geometry with a plate diameter of 8 mm and a gap of 1 mm. Muscine brain sections 
were placed on the lower plate, the top plate was lowered into position, and excess tissue 
was trimmed with a razor blade. Porcine brain sections were punched to 8 mm from a 
larger sample and then loaded as above. No solvent trap was used due to the small plate 
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diameter and experiment time was limited to 15 minutes to limit drying. A 0.5% strain 
was as before and oscillatory frequency sweeps were conducted between 0.1 and 1 Hz. 
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6.3.3 Lung Rheology  
Porcine lung samples were obtained from the Peyton research group. SAOS 
measurements were performed on the Kinexus Pro rheometer using a plate-plate 
geometry with a plate diameter of 20 mm and a gap of 2.5 mm. Porcine lung sections 
were placed on the lower plate, the top plate was lowered into position, and excess tissue 
was trimmed with a razor blade. A solvent trap was placed over the geometry and 
temperature was maintained at 25 °C. A 0.5% strain was selected as before and 
oscillatory frequency sweeps were conducted between 0.1 and 1 Hz. 
6.3.4 Statistical Analysis 
Statistical analysis was accomplished using Graphpad’s Prism v5.0a. Data are 
reported as mean ± standard error. Statistical significance was determined by a one-way 
analysis of variance (ANOVA) followed by a Tukey’s multiple comparisons test. When 
noted, a two-tailed t-test was used. P-values <0.05 are considered significant, where 
p<0.05 is denoted with *, ≤0.01 with **, ≤0.001 with ***, and ≤0.0001 with ****. 
6.4 Results and Discussion 
We harvested intact marrow, with minimal post-mortem time, from 6-10 month 
old pigs. Pig was chosen as a model organism because of their anatomical similarity to 
humans, and their widespread use as sources for biological materials and as subjects for 
medical device testing.
163,164
  Further, the pig model allowed us to examine tissue-scale 
mechanical heterogeneity absent of many convoluting factors, such as age, diet, and race. 
Samples were prepared by removing biopsy punches from the inner medullary cavity 
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(Figure 19a). SAOS rheology measures the bulk properties of a biopsy punch placed 
between two oscillating parallel plates (Figure 19b). 
 
Figure 19: Techinques for characterizing porcine bone marrow and dynamic moduli 
thereof. Techniques used to characterize porcine bone marrow. A: Samples were 
removed from the medullary cavity of femurs for characterization. B: Rheology 
measurements were done between two parallel plates to obtain a storage (G’) and loss 
(G”) modulus with respect to increasing shear. 
6.4.1 Bone marrow is a benign tissue with dominant elastic contributions 
We used bulk rheology to quantify the viscoelastic properties of bone marrow 
tissue. The dynamic moduli are frequency dependent, and the dynamic storage modulus 
is consistently an order of magnitude larger than the dynamic loss modulus (Figure 20a). 
Rheology was the only instrument with temperature control, and, as the temperature was 
increased to 35 °C, both the dynamic moduli and complex viscosity decreased by an 
order of magnitude. The complex viscosity decreased as shear rate increased, indicating 
that bone marrow behaves as a non-Newtonian fluid (Figure 20b). Power law indices of 
B     A     
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0.15±0.01 for 25 °C and 0.12±0.02 for 35 °C determined that bone marrow is a benign 
material with dominant elastic contributions to its mechanical response.  
 
Figure 20: Rheological behaviour of porcine bone marrow. A: Representative 
rheological data. The storage (G’, open symbol) and loss (G”, closed symbol) modulus 
versus strain rate show a weakly frequency dependent material with a dominant elastic 
modulus. As temperature is increased from 25 °C (blue) to 35 °C (red), both modulus and 
B: complex viscosity decrease, indicating strong temperature dependence. The power law 
(α) fit of the complex viscosity showed that bone marrow is slightly more elastic at the 
higher temperature (t-test, *p<0.05).  
6.4.2 Porcine bone marrow has inter -sample heterogeneity 
The effective Young’s modulus of the bone marrow was strongly temperature 
dependent. The moduli ranged from 0.73-135.6 kPa at 25°C and 0.1-10.9 kPa at 35°C 
(Figure 21). The effect of harvest location in the medullary cavity was explored. There 
was no significant difference in effective Young’s modulus between the samples from the 
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distal and proximal end of a single bone. This suggests the apparent inter-sample 
heterogeneity is not due to harvest location.  
 
Figure 21: Bone marrow exhibits inter-sample heterogeneity. The effective Young’s 
modulus (E
Eff
) for A: 0.1 Hz at 25°C and B: 0.1 Hz at 35°C. The effective Young’s 
Modulus (E
Eff
), calculated at 0.1 Hz, is an order of magnitude lower than at 25°C, but 
inter-sample heterogeneity is still present. Data points represent different locations within 
the same bone sample. Statistical significance was calculated using the mean of the data 
(*P<0.05, ***P<0.001).  
A goal of tissue engineering is to recapitulate key features of tissues in vitro in 
order to better understand in vivo phenomena and apply this toward directing tissue 
function. The mechanical properties of a cell’s microenvironment have been shown to 
dictate the migration and differentiation of marrow-derived mesenchymal stem cells, but 
little research has been conducted on mechanically characterizing bone marrow 
tissue.
70,73,165
 Here, we report that bone marrow is a benign viscoelastic tissue with a 
dominant elastic contribution and significant inter-sample heterogeneity. 
B     A     
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 Our dynamic moduli are much stiffer and encompass a larger range of values 
than earlier studies. However, as previously noted, other studies have been performed on 
homogenized tissue samples, so the reported viscosities ranging from of 44.6-142 mPas 
cannot be easily compared to our viscous data (range from 100-500 Pas).
33–37
 Intact bone 
marrow tissue has an effective Young’s modulus ranging from 0.25-24.7 kPa at 
physiological marrow temperature (35°C).166 The only other report of rheology on intact 
marrow found that bovine marrow has a dynamic storage modulus of ~220 Pa at a 
frequency of 1.6 Hz and temperature of 37 °C.
167
 At this same frequency, but at 35 °C, 
our porcine samples had a dynamic storage modulus ranging from 23-10,000 Pa (data not 
shown). This study is consistent with the storage magnitude we report for intact marrow, 
but because their project was confined to 3 samples from the same bone, this limited their 
ability to capture biological heterogeneities in marrow samples. We found intact marrow 
to have a large amount of inter-sample heterogeneity, and this is not surprising because 
biological tissues are known to be heterogeneous (Figure 21a). For example, reports on 
the elastic modulus of brain and lung tissue can range from 0.1-10, and 1.5-100 kPa, 
respectively.
35,168–173
 While it is more likely that these variations are due to structural 
components of the tissues, it was also important to validate that the array of mechanical 
tests used to gather these values was not the source of this heterogeneity, as we have done 
here. The effective modulus of porcine marrow was strongly temperature-dependent, the 
tissue remained with a dominant elastic contribution at all temperatures tested (i.e. power 
law held at ~0.15) (Figure 21b).  
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6.4.3 Lung tissue is a benign elastic material 
Bulk rheology was also used to measure the viscoelastic properties of porcine 
lung tissue (Figure 22). The storage modulus is consistently higher than the loss 
modulus, however the difference is much less than in bone marrow. Initial rheology of 
samples at 37 °C was performed, but no temperature effects were observed. Complex 
viscosity decreased as shear rate increased, indicating non-newtonian behavior. 88 
samples from 7 lungs were used to calculate an average Young’s modulus (at 0.1 Hz and 
25 °C) of 3000 ± 72 Pa. While the benign elastic behavior is similar to that of bone 
marrow, the stiffness of the material is significantly higher. Inter-sample heterogeneity 
was also markedly lower. 
 
Figure 22: Rheological behavior of porcine lung tissue. A: Representative rheological 
data. The storage (G’, open symbol) and loss (G”, closed symbol) modulus versus strain 
rate show a weakly frequency dependent material with a dominant elastic modulus. B: 
Complex viscosity data shows a similar trend. 
  
A   B 
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6.4.4 Porcine and muscine brain tissue are benign elastic materials 
Muscine brain tissue was also characterized with bulk rheology (Figure 23). The 
dynamic moduli were found to be frequency independent with the storage modulus being 
slightly higher than the loss modulus. No experiments were conducted at elevated 
temperature due to the time limits imposed by sample dehydration. The complex 
viscosity decreased with increasing frequency indicating non-Newtonian behavior. 25 
samples from 11 brains were used to calculate an average Young’s modulus (at 0.1 Hz 
and 25°C) of 979 ± 786 Pa. Inter-sample heterogeneity was higher than in the lung tissue 
but similar to the results from bone marrow. Overall the mouse brain tissue was found to 
be softer than lung tissue but stiffer than bone marrow.  
 
Figure 23: Rheological behavior of muscine brain tissue. A: Representative 
rheological data. The storage (G’, open symbol) and loss (G”, closed symbol) modulus 
versus strain rate show a weakly frequency dependent material with a dominant elastic 
modulus. B: Complex viscosity data shows a similar trend. 
Porcine brain tissue was the final tissue examined with rheology (Figure 24). The 
dynamic moduli were found to be frequency independent and similar in magnitude. 
A   B 
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Complex viscosity decreased with increasing frequency similar to the other measured 
tissues. 24 samples from 5 porcine brains were used to calculate an average Young’s 
modulus (at 0.1 Hz and 25 °C) of 693 ± 374 Pa. Inter-sample heterogeneity was found to 
be similar to that in muscine brain tissue. Porcine brain tissue was observed to be slightly 
but not significantly softer than muscine brain. This is likely due to the way samples were 
obtained and the inclusion of more connective tissue in the mouse brain samples. 
 
Figure 24: Rheological behavior of porcine brain tissue. A: Representative rheological 
data. The storage (G’, open symbol) and loss (G”, closed symbol) modulus versus strain 
rate show a weakly frequency dependent material with a dominant elastic modulus. B: 
Complex viscosity data shows a similar trend. 
6.5 Conclusion 
Intact bone marrow, porcine lung tissue, and two types of brain tissue were 
mechanically characterized and found to be benign viscoelastic materials. Also, we are 
the first to report that all four tissues have dominant elastic contribution when the tissue 
is intact. We also stress that all four tissues were heterogeneous, and there may not one, 
A B 
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but a range of appropriate moduli values. Overall, this type of thorough characterization 
can be used to improve upon current studies of bone marrow tissue elasticity and gain 
new insights into tissue function and structure.  
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CHAPTER 7 
RHEOLOGICAL CHARACTERIZATION OF 
ANTIFOULING PEGDMA-POLYDOPAMINE 
HYDROGELS 
Adapted from an article currently in preparation: 
Kolewe, K. W., Birch, N. P., Mako N., Schiffman, J.D. ―Antifouling hydrogels: Synergy 
of chemical and mechanical properties‖ In Preparation. 
7.1 Abstract 
Bacterial fouling in catheters is a major source of hospital-acquired infections. By 
depositing proteins onto catheter surfaces, bacteria can travel deep into the body and 
cause grave harm. Zwitterionic systems are adept at reducing bacterial fouling, however 
many zwitterionic systems to date have been too soft for effective use. In this section, we 
seek to prove that we have used a zwitterionic crosslinker to produce gels stiffer than ~1 
kPa. We first established a group of three poly(ethylene glycol) dimethacrylate 
(PEGDMA) systems, the softest barely meeting our goal, the next an order of magnitude 
stiffer, and the final being two orders of magnitude stiffer than our goal. The three 
systems were then crosslinked with polydopamine and characterized. Polydopamine did 
not reduce mechanical properties and, in the stiffest case, improved stiffness. We suggest 
that these three crosslinked systems could provide a powerful basis for building 
antifouling catheter coatings.  
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7.2 Introduction 
The materials used in the design of polymeric catheters aim to prevent the fouling 
of the device through bacteria (infection) and proteins (thrombosis). Catheters are 
frequently coated with hydrogels to improve patient comfort while delaying bacterial 
infections through antiadhesive properties. Hydrophilic polymers are class of passive 
antifouling materials that resist non-specific protein adsorption and limit bacterial 
adhesion, poly(ethylene glycol) (PEG) is the most widely used of these.
174
 The non-
specific protein adsorption resistance of PEG is attributed largely to the development of a 
hydration layer in the presence of water.
175,176
 The major drawback of PEG is stability, in 
the presence of oxygen PEG coatings will auto-oxidize into aldehydes and ethers.
177
 
Zwitterionic polymers have emerged as a promising class of antifouling polymers with 
enhanced stability and excellent fouling resistance. Zwitterions, like PEG, resists protein 
adsorption through the formation of a hydration boundary layer at the surface.
178,179
  
Synergistically making a soft surface that expresses zwitterionic surface 
chemistry should resist bacterial adhesion most effectively, however not all applications 
can be performed using super soft, ~1 kPa, hydrogels. Therefore incorporating the 
zwitterion into the hydrogel network as a second crosslinked network could provide 
chemical functionality without sacrificing mechanical strength. The enhanced strength 
and stability of double-network (DN) hydrogels are advantageous to conventional single-
networks due to enhanced toughness and mechanical strength of the composite 
hydrogel.
180
 In these systems a brittle hydrophillic network forms the backbone of the 
system that expands when swollen, allowing a second monomer to polymerize in excess 
within the matrix.
181
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In this work we incorporate a covalently crosslinked polydopamine (PDA) – 
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) network into a poly(ethylene 
glycol) dimethacrylate (PEGDMA) backbone to create more stable double network 
hydrogels with enhanced stability and optimal antifouling performance. PEGDMA 
hydrogels were synthesized over a wide range of storage modulus (2 - 660 kPa) and DN 
hydrogels were successfully formed through the diffusion of PDA-PMPC. The diffusion 
and polymerization of the PDA-PMPC complex throughout the PEGDMA backbone was 
uniform on standard ~150 µm hydrogels creating a homogeneous DN hydrogel. These 
DN composites showed enhanced, up to 90%, antifouling performance compared to 
PEGDMA hydrogels when challenged with Escherichia coli and Staphylococcus aureus 
over 24 hr incubation periods. We suggest improving the performance of catheter 
coatings through the inclusion of PDA-PMPC. 
7.3 Experimental 
7.3.1 Materials 
All compounds were used as received. Poly(ethylene glycol) dimethacrylate, 
(PEGDMA, Mn = 750 Da), dopamine hydrochloride (PDA), 3-(trimethoxysilyl)propyl 
methacrylate, ampicillin (BioReagent grade), chloramphenicol (BioReagent grade), M9 
minimal salts (M9 media), D-(+)-glucose, calcium chloride (anhydrous), phosphate 
buffered saline (PBS, 1× sterile biograde), tryptic soy broth (TSB), Luria-Bertani broth 
(LB), and Bradford reagent were purchased from Sigma-Aldrich (St. Louis, MO). 
Irgacure 2959 was obtained from BASF (Ludwigshafen, Germany). Magnesium sulfate 
anhydrous and molecular grade agar were obtained from Fisher Scientific (Fair Lawn, 
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NJ). Deionized (DI) water was obtained from a Barnstead Nanopure Infinity water 
purification system (Thermo Fisher Scientific, Waltham, MA). 
7.3.2 Fabrication of PDA-PMPC-PEGDMA Hydrogels 
PEGDMA hydrogels were prepared using previously established protocols.
182
 
Briefly, 7.5%, 25%, and 50 vol% PEGDMA in 1 M PBS solution was sterile filtered 
using a 0.2 µm syringe, then degassed using nitrogen gas. For UV-curing the radical 
photo initiator, 0.8 wt% Irgacure 2959 was added to the polymer precursor solution with 
induction under a long wave UV light, 365 nm for 10 min. PEGDMA solution (75 µL) 
was sandwiched between two 22-mm UV-sterilized coverslips (Fisher Scientific) 
functionalized with 3-(trimethoxysilyl)propyl methacylate.
183
 Fabricating the hydrogel 
between coverslips enabled all hydrogels to have a uniform thickness and limited the 
oxygen exposure. Following polymerization, the top coverslip was removed using 
forceps before the PEGDMA hydrogels were swollen in PBS for 48 hr before 
functionalization via the codeposition of PDA and poly(2-methacryloyloxyethyl 
phosphorylcholine) (PMPC), which was synthesized as previously described.
184,185
 
PEGDMA hydrogels were placed in 6-well polystyrene plates containing 5 mL of Tris 
buffer (10 mM, pH 8.5) containing 2 mg/mL of both PDA and PMPC for 6 h. Next, all 
hydrogels were washed 3 times with DI water to remove residual polymer before being 
placed in a fresh multi-well plate with DI water until further testing.  
7.3.3 Characterization of Hydrogels 
Small amplitude oscillatory shear measurements were performed on PEGDMA 
and PDA-PMPC PEGDMA hydrogels using a Kinexus Pro rheometer (Malvern 
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Instruments, UK) using a plate–plate geometry, with a diameter of 20 mm and a gap of 
1 mm. All hydrogels were prepared for rheology using 1 mm deep Teflon molds that had 
a 25 cm diameter. Hydrogel punches were loaded into the rheometer and then trimmed to 
size with a razor. A strain amplitude sweep was performed to ensure that experiments 
were conducted within the linear viscoelastic region and a strain percent of 0.01% was 
selected. Oscillation frequency sweeps were conducted over an angular frequency 
domain of 0.6 and 315 rad/s.   
7.4 Results and Discussion 
7.4.1 Characteristics of Surface Functionalized Hydrogels 
PEGDMA hydrogels were successfully synthesized over a broad range of 
mechanical properties as determined through rheology, Figure 25. We classified these 
hydrogels into 3 classes based on storage modulus, soft (7.5% PEGDMA, 1.7 kPa), 
intermediate (25% PEGDMA, 240 kPa), and stiff (50% PEGDMA, 660 kPa). The gels 
were dominated by frequency independent elastic moduli. The viscous moduli were 
significantly lower and showed significant frequency dependence. As expected, the 
magnitude of all the dynamic moduli were directly related to the polymer concentration. 
Hydrogel stiffness is intrinsically tied to the crosslink density within the network. 
Increasing crosslink density limits the diffusivity of solutes through the network. The 
mesh size, theoretical distance between crosslinks, was characterized for each hydrogel 
concentration: 34.3 ± 1.5 Å, 19.3 ± 0.4 Å, and 10.0 ± 1.0 Å for 7.5%, 25%, and 50% 
PEGDMA respectively.  
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Figure 25: Frequency behavior of the dynamic moduli of three PEGDMA systems. 
Frequency sweeps determined the elastic (G’) and viscous (G‖) moduli of PEGDMA 
hydrogels as a function of polymer concentration. Frequency independent G’ dominated 
all three gels, indicating that the hydrogel is highly elastic. G‖ displayed strong frequency 
dependence, most likely due to the high water content. The dynamic moduli were 
strongly correlated with the increasing polymer concentration. 
These PEGDMA hydrogels were then functionalized with a self-polymerizing 
super hydrophilic coating of PDA and PMPC to enhance the functionality of PEGDMA 
hydrogels without sacrificing mechanical integrity. PDA polymerization is accompanied 
by a distinct brown pigmentation so solute diffusion experiments can be performed 
tracking the depth of color penetration. The diffusion of PDA-PMPC throughout the 
hydrogel was dependent on the mesh size of the hydrogel and the thickness of the sample. 
Full penetration of PDA polymerization throughout the hydrogel is limited by PDA 
aggregation during polymerization, oligomers aggregate through π-π stacking into small 
1-2 nm particles before continuing to stack into large micron size particles. 
186
 As 
expected the low crosslink density of 7.5% PEGDMA, 34 Å, provided no barrier to 
diffusion while 25% PEGDMA, 19 Å, slowed but didn’t prevent complete diffusion. The 
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dense crosslinking of 50% PEGDMA however creates a theoretical spacing, 10 Å mesh, 
on the same length scale as the 1-2 nm PDA aggregates. Diffusion experiments on 50% 
PEGDMA on thick (25 mm diameter, 2 mm height) displayed clear diffusion limitations 
as a defined dark shell formed. Similar diffusion experiments on thin hydrogels displayed 
no limitations as these dimensions (22 mm diameter, 125 µm height) effectively led to 
complete 1D diffusion. 
To characterize the mechanical integrity of hydrogels following PDA-PMPC 
polymerization, rheological studies were performed as before on thick 2 mm hydrogels. 
Ideally, integrating a second polymer network into the hydrogel will either improve or 
maintain mechanical strength without sacrificing stability.
181
 Soft (7.5%) PEGDMA 
hydrogels displayed no discernable difference in storage modulus following PDA-PMPC 
polymerization, Figure 26A. Similarly, intermediate (25%) PEGDMA displayed minimal 
variation in storage modulus over a frequency sweep from 1 to 100 hz, Figure 26B. 
Densely crosslinked stiff (50%) PEGDMA however, displayed a clear increase in storage 
modulus from 660 kPa to 1700 kPa, Figure 26C. This substantial increase is attributed to 
the shell formation around the hydrogel exterior caused by the dense crosslinking of 
PEGDMA at this concentration. To understand whether mechanical enhancement 
occurred without the sacrifice of hydrogel stability, swelling experiments were 
performed. The degree of swelling was characterized through Q, the ratio of equilibrium 
swelling rate vs dry polymer weight. There was an insignificant loss of hydrogel swelling 
following PDA-PMPC polymerization likely due to the hydrophilicity of PMPC. The 
polymerization of PDA-PMPC in PEGDMA hydrogels enhances the mechanical 
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properties without sacrificing the desirable intrinsic swelling properties of PEGDMA 
hydrogels.  
 
Figure 26: Frequency behavior of three cross-linked PEGDMA-PMPC systems. 
Bulk mechanical properties of PDA-PMPC hydrogels. The separation of frequency 
sweeps in storage (G’) and loss (G‖) moduli indicate diffusion induced heterogeneity of 
highly crosslinked hydrogels. In low (7.5%) polymer concentration (a) the mechanical 
properties of the hydrogel system are unaffected by the inclusion of coating complex. At 
intermediate (25%) concentration minimal variation exists between PEGDMA and PDA-
PMPC PEGDMA hydrogels. Diffusion limited stiff (50%) hydrogels exhibit a distinct 
increase in storage and loss modulus across multiple samples indicating the influence of a 
core-shell coating structure due to limited diffusion of the PDA-PMPC complex through 
the fine (10.0 ± 1.0 Ǻ) network. 
7.5 Conclusion 
With a simple oxidation polymerization reaction PDA-PMPC can be easily 
introduced into PEGDMA hydrogels to form a stable second network that significantly 
enhances antifouling performance without sacrificing mechanical strength or swelling 
characteristics. Hydrogels were produced across a wide tunable range from soft (1.7 kPa) 
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to stiff (660 kPa). We suggest that these hydrogels hold potential as antifouling coatings 
for catheters and other medical devices.  
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CHAPTER 8 
SELF-ASSEMBLED ANTIBACTERIAL METAL 
NANOPARTICLES IN ALKYD-BASED PAINTS 
Adapted from an article currently in preparation: 
Birch, N. P., Kolewe, K. W., Digiovanni, T., Champagne, V. K., Schiffman, J. D. ―Self-
assembled antibacterial metal nanoparticles in alkyd-based paints‖ In Preparation 
8.1 Introduction 
Antibacterial and antifouling coatings have potential applications across many 
fields. Heavy metals like cobalt, copper, iron, and zinc have long been used as a source of 
antibacterial properties, with copper and zinc being much more effective antibacterial 
agents.
66,187
 These ions have been used as the core of nanoparticles (NPs), ex. copper-
chitosan and zinc-chitosan NPs,
20,66,188
 loaded into hydrogels,
189
 and coated on films.
190
 
Recently, pre-synthesized silver nanoparticles have become a popular antibacterial 
additive.
191
 Simplifying this two-step synthesis into a single step would make for a 
greener process and a more desirable product. 
Previously, only one study has explored the notion of self-assembling metal 
nanoparticles within an alkyd resin. The study only explored gold and silver 
nanoparticles and conducted minimal antibacterial testing.
192
 In our system, one of four  
common industrial metal naphthenates (Cu, Zn, Co, Fe) is used to catalyze the oxidative 
crosslinking of fatty acids present in akyld-based paints into a nanoparticle containing 
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resin (Figure 27).
192
 We will demonstrate the presence of nanoparticles, effective 
diffusion of metal ions from the resins, and the antibacterial activity of resin coated 
surfaces. 
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Figure 27: Divalent metal ions catalyze the oxidative crosslinking of linoleic acid and 
similar fatty acids. (A). The carboxylic acids present on the ends of the fatty acids are 
able to cap the metal nanoparticles that are a byproduct of the crosslinking (B). The result 
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is a cross-linked resin with integral metal nanoparticles that can be used to provide 
antibacterial activity (C). 
8.2 Experimental 
8.2.1 Materials 
Minwax® antique oil finish was used as the base alkyd paint for all experiments. 
Copper(II) naphthenate (77% in mineral spirits), zinc naphthenate (65% in mineral 
spirits), cobalt naphthenate (53%), and iron naphthenate (80%) were obtained from Strem 
Chemicals (Newburyport, MA). Quality control standard 21 was sourced from Perkin 
Elmer (Waltham, MA). Nitric acid (69.2%) was sourced from Fisher Scientific (Fairlawn, 
NJ). ReagentPlus grade cobalt(II) sulfate heptahydrate (≥ 99%), copper(II) sulfate 
pentahydrate (≥98.0%), iron(II) sulfate heptahydrate (≥ 99%), zinc sulfate heptahydrate 
(≥ 99%) were obtained from Sigma Aldrich (St. Louis, MO). Ionic strength adjuster 
(ISA) and cupric standard (0.1M) were purchased from Thermo Scientific (Chelmsford, 
MA). Deionized (DI) water was obtained from a Barnstead Nanopure Infinity water 
purification system (Thermo Fisher Scientific, Waltham, MA). 
8.2.2 Film Preparation 
Metal-loaded paint was prepared by mixing 2 g of alkyd paint (Minwax® antique 
oil finish) with enough metal naphthenate to result in a 0.27 % w/w metal concentration. 
The solution was mixed until homogenous. 0.5 g of solution was then poured into a 6 cm 
diameter polystyrene weigh boat and allowed to cure for 2-3 days. Films were removed 
from the polystyrene and used for subsequent testing. 
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8.2.3 Copper Diffusion 
The diffusion of copper ions into aqueous solution was measured using an Orion 
Star A214 ISE meter with an ionplus Sure-Flow Cupric probe (Thermo Fisher Scientific, 
Tewksbury, MA, USA). Samples were submerged in 50 mL of 10
-5
 M nitric acid. 1 mL 
of ISA was added to keep the ionic strength constant. Three samples were measured over 
the course of 60 days. The data were fit with an equation described later in the text 
(Equation 6). 
8.2.4 ICP-MS 
The diffusion of copper, zinc, cobalt, and iron ions into aqueous solution were 
measured at 7 days, 15 days, and 30 days with inductively coupled plasma mass 
spectrometry (ICP-MS). Samples were submerged in 50 mL of 10
-5
 M. 1 mL of ISA was 
added to keep the ionic strength constant. An aliquot of 10 uL were digested with 0.5 mL 
of fresh aqua regia for 15 min. The digested samples were diluted to 10 mL with de-
ionized water. A series of ICP-MS Quality Control standard 21 (QC 21) solutions (0, 0.2, 
0.5, 1, 2, 5, 10, 20 ppb) were prepared and digested with 0.5 mL aqua regia. The QC 21 
standard solutions and the sample solutions were measured on an Elan 6100 ICP mass 
spectrometer (PerkinElmer SCIEX, Waltham, MA). A calibration curve was drawn from 
the results obtained for standard solutions. The amount of the elements Co, Cu, Fe, and 
Zn in the sample solutions were calculated from the calibration curve and the signal 
obtained from ICP-MS. The instrument was operated with 1550 W RF power and the 
nebulizer Argon flow rate was optimized at 0.96 L/min. 
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8.2.5 Antibacterial Activity 
Metal loaded paints and metal-free controls were placed at the base of separate 
wells in 6-well polystyrene plates (Fisher Scientific) and inoculated with 5 mL of E. 
coli suspension in M9 minimal media to a final concentration of 1 × 10
8
 cells/mL. Plates 
were incubated at 37 °C for 2 hr under static conditions. Samples were then stained with 
propidum iodide (PI) for 5 min, washed, and immediately imaged. Live/Dead assessment 
was performed using established protocols where green fluorescent protein (GFP) 
containing cells (green) are considered alive and PI stain cells are considered dead (red). 
8.2.6 MIC 
Minimum inhibitory concentration (MIC) was determined for copper, zinc, cobalt, 
and iron metal ion solutions based on a previously outlined procedure.
193
 An overnight 
culture of E. coli K12 was prepared in Muller Hinton Broth (MHB). A Fisherbrand 
polypropylene 96-well plate was filled with an increasing concentration gradient of 
copper sulfate pentahydrate, zinc sulfate heptahydrate, cobalt sulfate heptahydrate, and 
iron sulfate heptahydrate. The concentrations of the copper sulfate pentahydrate, zinc 
sulfate heptahydrate, cobalt sulfate heptahydrate solutions started at 2 µg/mL of metal ion 
and doubled at each well until 1024 µg/mL. The iron sulfate heptahydrate started from 8 
µg/mL of metal ion and doubled until 4096 µg/mL. In the row below each test, metal ion 
solutions without any bacteria were used as baselines to determine to absorbance of the 
metal ion solutions. Two columns of the well plate remained controls: the growth control 
contained MHB and bacteria and the sterile control contained only MHB. After the well 
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plate incubated (37 °C) for 20 hr, the bacteria concentrations in each well were measured 
using an absorbance microplate reader at an absorbance of 600 nm. 
8.3 Results and Discussion 
Transmission electron microscopy was conducted on all four metal-loaded paint 
types to confirm the successful synthesis of nanoparticles. As expected, the bulk of the 
particles were smaller than 30 nm, consistent with previous literature.
192
 In the copper-
loaded system, a large number of sub-100 nm aggregates were observed. We found that 
the zinc-loaded system was comprised of small spherical and slightly irregular particles, 
no aggregation was observed. The cobalt-loaded system included larger oblong 
nanoparticles. The iron nanoparticles that were generated were consistently small and 
spherical in shape. As smaller nanoparticles have a higher surface area, small stable 
nanoparticles are desirable to provide a high flux rate of antibacterial metal ions to the 
surface of the films. To test the magnitude of these effects, diffusion testing was carried 
out. 
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Figure 28: Representative TEM micrographs of each metal nanoparticle type.  
Copper samples were found to contain large aggregates of smaller nanoparticles (A). 
Zinc samples for small and regular nanoparticles. (B). Cobalt samples contained larger 
oblong particles but no large aggregates (C). Iron samples contained no aggregates and 
nanoparticles were regular and small (D). 
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8.3.1 Diffusion of metal ions from as-synthesized paints 
Copper was the only metal ion of the four used that could be measured using an 
ion selective electrode. Copper levels were measured every few days with a selective ion 
probe and were found to rapidly reach an equilibrium metal ion concentration (Figure 
29A). The data were fit to an empirical formula described below as Equation 6. In this 
equation the concentration is described by the equilibrium concentration (   ), a rate 
constant ( ), and the elapsed time in days ( ). For copper     was found to be 6.6*10
-5
 M 
and   was determined to be 0.093. This gives the diffusion a half-life of 7.5 days. 
       (   
   ) Equation 6 
All four metal ions were able to be detected via ICP-MS and their diffusion at 15 and 30 
days was measured (Figure 29B). While the measured values were slightly different, the 
trends were identical, with copper and cobalt quickly reaching equilibrium. Iron diffusion 
was found to be two orders of magnitude below that of the other metals. Zinc diffusion 
was roughly double that of copper but with a much longer equilibration time. 
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Figure 29: The diffusion over time of all four metal types from freshly synthesized 
paints. Diffusion of Cu
2+
 over 60 days from freshly synthesized paint measured with a 
selective ion probe (A). 15 and 30 day diffusion of Cu
2+
 from fresh paint measured via 
ICP-MS (B). Paint rapidly reaches equilibrium for Cu and Co. Fe does not substantially 
diffuse. Zn diffusion is greatest in magnitude but also the slowest to reach equilibrium.  
8.3.2 Efficacy of metal-loaded paints against E. coli bacteria 
Antibacterial testing was conducted to determine if diffusion rates were sufficient 
to kill E. coli. All four metal loaded paints were tested alongside a polystyrene and glass 
control (Figure 30A). As expected, the copper and zinc samples were the most effective 
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at killing bacteria. Cobalt and iron were somewhat effective, but not to a level that would 
be practical. To ensure that the paint does not rapidly lose efficacy, copper and zinc 
loaded paints were tested a month after synthesis (Figure 30B). No significant reduction 
in killing was observed suggesting that the paints will retain efficacy for a long period of 
time. 
 
Figure 30: Loss of viability for E. coli when exposed to metal loaded paint for 2 hr. 
(A). Copper and zinc were both similarly effective, while cobalt and iron killed less than 
half of the bacteria in 2 hr. The experiment was repeated for copper and zinc loaded 
paints for paints that had been aged in normal conditions for 30 days (B). Copper and 
zinc retained efficacy after one month and killed nearly 80% of E. coli in 2 hrs. 
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To expound on the results of the antibacterial testing, the relative MICs of the 
metal salts were measured directly (Table 2). All of the MICs were very similar to one 
another with zinc and cobalt being effective at a quarter of the concentration of copper 
and iron. We found that our results were similar to literature values.
66
 Since the MIC 
values are so similar, it is likely that diffusion rates are mostly responsible for the 
different rates of killing shown by the different metal types. 
Table 2: MIC values for relevant metal ion salts. 
Metal Ion Copper Zinc Cobalt Iron 
MIC (µg/mL) 512 128 128 512 
 
8.4 Conclusion 
Our novel system for self-assembled metal nanoparticle loaded oil-based paints 
should provide and cheap and effective solution killing potentially harmful bacteria and 
preventing deleterious buildup of bacterial biofilms. We found via TEM that copper 
nanoparticles assembled into large aggregates, while cobalt nanoparticles formed large 
oblong particles. Iron and zinc nanoparticles were found to form small spheroids. Copper 
was shown to readily diffuse within 7.5 days with cobalt being similar and zinc having a 
greater equilibrium concentration but lesser rate constant. Iron was not found to diffuse in 
appreciable quantities. Antibacterial testing found that copper and zinc loaded paints 
were the most effective, with cobalt and iron loaded films being much less effective, and 
the two controls having no measurable effect. MIC’s for the metal salts were also 
obtained and it was found that zinc and cobalt were marginally more effective than cobalt 
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and iron at killing E. coli. Additional work will be done on bacterial interaction with the 
films under shear flow to fully characterize the films potential for antifouling 
applications. At the end of all the characterization, we believe we will find a highly 
effective and cheap antibacterial coating. 
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CHAPTER 9 
CONCLUSION AND FUTURE WORK 
Biopolymer polyelectrolytes are a varied and useful class of materials. They can 
be combined with each other, metal ions, or neutral polymers to create a wide variety of 
materials. Utilizing rheology as a major characterization method, we can optimize these 
materials provide antibacterial properties, antifouling characteristics, or an appropriate 
substrate for cell culture. 
The major portion of this work focused on tuning the interactions between 
chitosan and pectin. Chitosan and pectin were synthesized into polyelectrolyte complexes 
that were one thousand times smaller than previous particles.
15,79,80
 The size, surface 
charge, and morphology of the LMW CS:Pec nanoparticles were examined using DLS, 
electrophoretic DLS, and TEM, respectively. The zeta potential was shown to be tunable, 
but the particles were found to become unstable after 14 days. While the properties of 
chitosan and pectin are well known, future testing should be done to confirm the 
antibacterial and anti-inflammatory properties are still present in the nanoparticles. As the 
stability of the particles was low, work should be conducted to see if metal nanoparticle 
cores or the use of quaternized chitosan would enhance stability. We synthesized and 
characterized a biologically compatible thermoreversible CS:Pec hydrogel whose 
strength and gelation temperature were improved by replacing the acid with salt. 
Hydrogels were found to strengthen at lower temperatures. Dried hydrogels rapidly 
swelled to ∼370% of their initial weight. Our acid-free hydrogels were found to be 
biocompatible and improved by rinsing the salt. There are a number of directions for 
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future work to proceed. Animal models are a critical phase in demonstrating a new 
wound dressing and using a diabetic mouse wound model would be an excellent way to 
prove the dressing. The suitability of the gels for drug delivery, especially wound healing 
proteins, should also be explored. Our ―green‖ systems hold great promise for future 
study and use as a wound healing product. 
Rheology is a powerful tool for characterizing and improving a wide variety of 
systems. We used the chain entanglement concentration and viscosity to improve the 
loading of essential oils in a CS/PEO nanofiber system. MW and DA were optimized for 
oil incorporation. Future works should examine the storage limitations of these mats and 
methods of increasing loading, like surfactants. The system could also be adapted to other 
essential oils in the future. Shear rheology was used to establish average stiffnesses for 
porcine bone marrow, porcine lung, muscine brain, and porcine brain tissue. The tissues 
were all elastic with various degrees of inter-sample heterogeneity. This work provides a 
solid basis for the synthesis of hydrogel mimetics. Future work should focus on active 
hydrogels that match these properties for accurate cell culture. Zwitterionic systems are 
antifouling, but usually soft. We used a zwitterionic crosslinker on three sufficiently stiff 
PEGDMA systems. Polydopamine did not reduce mechanical properties and in one case 
improved stiffness. In the future, bacterial adhesion tests should be used to characterize 
the antifouling efficacy of the gels. We will also look at atomic force microscopy (AFM) 
to characterize roughness and Fourier transform infrared spectroscopy (FTIR) to confirm 
appropriate crosslinking. We have demonstrated the value of rheology and used it a 
driving force in three disparate studies. 
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The final section of this thesis focused on our novel system for self-assembled 
metal nanoparticle loaded oil-based paints. We found via TEM that copper nanoparticles 
assembled into large aggregates, while cobalt nanoparticles formed large oblong 
particles. Iron and zinc nanoparticles were found to form small spheroids. Copper readily 
diffused within 7.5 days with cobalt being similar and zinc having a greater equilibrium 
concentration but lesser rate constant. Iron was not found to diffuse in appreciable 
quantities. Antibacterial testing found that copper and zinc loaded paints were the most 
effective, with cobalt and iron loaded films being much less effective. Additional work 
still needs to be done on this system. Shear flow bacterial growth experiments will be 
conducted to determine if the films have potential in antifouling applications. The drying 
times of the films are longer than ideal, but could be reduced by decreasing the volume of 
naphthenate added, developing a drying protocol that includes UV exposure, or adding 
other drying agents. The long-term antibacterial activity of these paints should also be 
determined to show that these films are a viable product. At the end of all the 
characterization and optimization, we believe we will find a highly effective and cheap 
antibacterial coating. 
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CHAPTER 10 
SCIENTIFIC CONTRIBUTIONS 
The work in this thesis has culminated in a number of publications, which are 
listed in this section. Additionally, dissemination of this work has taken place through 
various conference presentations. 
Rieger, K. A.; Birch, N. P.; Schiffman, J. D. Designing Electrospun Nanofiber Mats to 
Promote Wound Healing – a Review. J. Mater. Chem. B 2013, 1 (36), 4531–4541. 
Birch, N. P.; Schiffman, J. D. Characterization of Self-Assembled Polyelectrolyte 
Complex Nanoparticles Formed from Chitosan and Pectin. Langmuir 2014, 30 (12), 
3441–3447. 
Birch, N. P.; Barney, L. E.; Pandres, E.; Peyton, S. R.; Schiffman, J. D. Thermal-
Responsive Behavior of a Cell Compatible Chitosan/Pectin Hydrogel. 
Biomacromolecules 2015, 16 (6), 1837–1843. 
Jansen, L. E.; Birch, N. P.; Schiffman, J. D.; Crosby, A. J.; Peyton, S. R. Mechanics of 
Intact Bone Marrow. J. Mech. Behav. Biomed. Mater. 2015, 50, 299–307. 
Rieger, K. A.; Birch, N. P.; Schiffman, J. D. Electrospinning Chitosan/poly(ethylene 
Oxide) Solutions with Essential Oils: Correlating Solution Rheology to Nanofiber 
Formation. Carbohydr. Polym. 2016, 139, 131–138. 
Kolewe, K.W., Birch, N.P., Mako N, Schiffman, J.D. ―Antifouling hydrogels: Synergy of 
chemical and mechanical properties‖ In Preparation 
  108 
 
Birch, N. P., Kolewe, K. W., Digiovanni, T., Champagne, V. K., Schiffman, J. D. ―Self-
assembled antibacterial metal nanoparticles in alkyd-based paints‖ In Preparation 
Galarza, S., Mijailovic, A.S., Birch, N.P., Schiffman, J.D., Crosby, A.J., Peyton, S.R., 
and Van Vliet, K.J. ―Measurement of Brain Tissue Mechanical Properties by Cavitation 
Rheology‖ In Preparation 
Polio, S. R., Aurian-Blajeni, D. E., Birch, N. P., Schiffman, J. D., Crosby, A. J., Peyton, 
S. R. ―Comparative mechanical testing of lung parenchyma‖ In Preparation 
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